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FOREWORD 


This  work  was  performed  by  the  Southern  Research  Institute  under 
USAF  Contract  No.  AF  33(616) -6312.  The  contract  was  initiated  under 
Project  No,  7360,  "Chemistry  and  Physics  Materials,"  Task  No.  73603, 
"Thermodynamics  and  Heat  Transfer and  was  administered  under  the 
direction  of  the  Directorate  of  Materials  and  Processes,  Deputy  for 
Technology,  Wright -Patters on  Air  Force  Base,  Ohio  with  Mr.  Hyman 
Marcus  acting  as  the  project  engineer. 

This  report  covers  work  conducted  from  15  March  1959  to  14 
November  i960. 


ABSTRACT 


The  heat  capacity,  thermal  expansion,  and  thermal  conductivity 
were  measured  for  thirteen  different  refractory  materials,  including 
ATJ  graphite,  tungsten,  four  nitrides,  two  borides,  a  silicate,  arid  four 
carbides.  The  temperature  range  was  from  500°  F  to  5000°  F. 

The  heat  capacity  was  found  to  vary  considerably  with  temperature 
and  to  demonstrate  marked  inflections  at  specific  temperature  ranges. 

The  thermal  expansion  parallel  with  the  press  direction  was  found 
to  be  in  the  range  of  3  x  10  6  in.  /in.  /°  F  and  to  vary  significantly  with  the 
prior  thermal  history  of  the  specimen.  At  temperatures  within  about 
1000  F  of  the  melting  or  deterioration  range,  the  motions  of  the  materials 
generally  increased  considerably. 


The  thermal  conductivity  perpendicular  to  the  press  direction  was 
found  to  be  generally  of  the  same  value  for  materials  of  the  same  family, 
viz. ,  the  nitrides  or  carbides.  The  prior  thermal  history  had  a  marked’ 
influence  on  the  resulting  values. 

0  Considerable  information  was  obtained  on  the  performance  of 
5000  F  furnaces  with  graphite  heaters,  high  temperature  thermocouples, 
optical  pyrometry,  and  the  behavior  of  specimen  materials  in  these 
5000°  F  environments.  All  materials  except  a  few  failed  at  considerably 
below  the  handbook  values  for  their  melting  or  deterioration  temperatures. 


PUBLICATION  REVIEW 
This  report  has  been  reviewed  and  is  approved. 
FOR  THE  COMMANDER: 
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THE  THERMAL  PROPERTIES  OF  THIRTEEN  SOLID  MATERIALS 
TO  5000®  F  OR  THEIR  DESTRUCTION  TEMPERATURES 


INTRODUCTION 

This  report  covers  the  measurement  of  the  heat  capacity,  thermal 
conductivity,  and  thermal  expansion  of  thirteen  solid  materials  from 
temperatures  ranging  from  500°  F  to  5000°  F  or  to  the  temperature  at 
which  the  material  deteriorates,  whichever  is  lower.  In  the  course  of 
this  work,  techniques  were  developed  for  reliable  furnace  operation  at 
temperatures  slightly  greater  than  5000®  F.  Methods  were  also  developed 
for  measuring  the  thermal  properties  of  refractory  materials  at  these 
temperatures.  Of  considerable  interest  in  this  work  is  the  data  showing 
the  behavior  of  some  of  the  refractory  materials  at  these  extremely  high 
temperatures.  This  material  behavior  not  only  influenced  the  thermal 
property  data  to  a  great  extent,  but  also  indicated  some  of  the 

difficulties  that  might  be  encountered  in  structural  applications  of  these 
materials. 

In  this  report,  the  equipment  that  was  used  in  the  thermal  property 
measurements  is  described  in  considerable  detail.  The  techniques  for 
measuring  temperature  and  the  calibration  procedures  are  also  described. 
Properties  of  the  materials  are  also  given  where  they  are  available. 
Chemical  analysis  of  the  samples  will  be  made  under  a  subsequent 
contract  and  that  parameter  related  to  the  observed  thermophysical 
properties. 


THE  5000®  F  FURNACES 

The  furnaces  used  in  the  thermal  property  measurements  were 
designed,  built,  and  operated  by  Southern  Research  Institute  prior  to 
initiation  of  work  under  this  contract.  During  the  work,  many  improve¬ 
ments  were  incorporated  to  extend  the  temperature  range  and  improve 
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the  heater  life.  At  the  conclusion  of  the  work,  four  furnaces  were 
available  with  two  of  one  type  capable  of  operating  under  pressure  or 
vacuum  and  two  of  a  second  type  capable  of  operating  only  at  atmospheric 
pressure.  The  latter  are  very  flexible  and  permit  rapid  heater  changeout 
in  a  few  minutes.  Details  of  both  types  of  furnaces  are  shown  in 
Figures  1  and  2.  All  furnaces  can  operate  at  over  5000°  F  on  heating  loads 
that  do  not  drain  excessive  heat  from  the  furnace.  This  condition  causes 
the  heater  temperature  to  exceed  approximately  5500°  F  and  results  in 
almost  complete  loss  of  strength  of  the  graphite  so  that  the  heating  element 
breaks. 

Three  methods  of  insulating  the  furnaces  were  used.  First,  the 
graphite  heater  was  surrounded  with  molybdenum  reflection  shields  to  take 
the  major  temperature  drop.  This  system  was  effective  with  the  15  shields 
providing  about  a  150  F  drop  each;  however,  the  maximum  temperature 
limit  of  the  reflector  materials  limited  the  maximum  allowable  furnace 
temperature  to  about  4000  F.  Second,  the  graphite  heater  was 
surrounded  by  a  zirconia  inner  tube  with  zirconia  grog  in  the  inner 
annulus.  This  arrangement  was  excellent  to  4500°  F;  however,  at 
4800°  F  and  above,  the  zirconia  inner  tube  melted.  A  tungsten  liner  in 
the  zirconia  inner  tube  did  not  extend  the  upper  temperature  limit. 

Third,  the  graphite  heater  was  surrounded  by  a  thin  wall  graphite  inner 
tube  with  lamp  black  in  the  inner  annulus.  Repeated  runs  to  5000s  F  to 
5200  F  showed  no  damage  to  the  furnace  parts  with  this  arrangement; 
however,  the  heat  loss  was  higher  by  perhaps  10%. 

The  heater  design  was  rather  thoroughly  investigated.  A  simple 
slotted  tube  was  an  effective  heater  configuration,  but  provision  had  to  be 
made  to  provide  for  thermal  expansion  during  a  run  by  permitting  the 
electrodes  to  move.  A  helical  carbon  heating  element  permitted  the  use 
of  fixed  electrodes  without  introducing  serious  handling  or  cost  problems. 
The  electrical  design  of  the  heater  was  found  to  be  very  important. 

Using  configurations  requiring  low  current  and  high  voltage  (150  amps 
and  70  volts,  respectively),  the  current  would  rise  sharply  at  4000*  F 
furnace  temperatures  suggesting  a  current  bypass  in  the  ionized  gas 
around  the  heater  element.  At  higher  currents  and  lower  voltages 
(700  amps  and  15  volts,  respectively),  the  current  bypass  was  not  noted 
and  the  furnace  temperature  increased  with  input  power  at  a  fairly 
uniform  rate  to  over  5000°  F;  see  Figure  3. 

Generally,  CS  graphite  as  produced  by  National  Carbon  Company 
was  used  for  the  heater  element.  Different  batches  were  quite  different 
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Figure  1.  Schematic  Cross  Section  of  Numbers  1  and  2  5000°  F 
Furnaces  Employing  Helical  Graphite  Heaters  and 
Pressure  and  Vacuum  Capability. 
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Figure  2.  Schematic  Cross  Section  of  Numbers  3  and  4 
5000°  F  Furnaces  Employing  Tubular  Graphite 
Heaters  for  Atmospheric  Pressure  Operation. 
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in  electrical  properties,  machineability,  and  apparent  texture  so  tha* 
some  changes  in  heater  design  were  required  between^  wSS. 

Zirconia  end  plugs  and  spacers  around  the  heater  and  inner  tube 
proved  to  be  effective.  Generally,  the  graphite  and  ztrco^a  were 

belwlw  F  Dte.mPerarre  Tge  a‘  lhe‘r  COn‘aCl  points  ma  keP‘ 
below  3500  F.  Deterioration  of  the  zirconia  resulting  from  the  carbon 

oeJmVri ^  ga!  PhaSe  WaS  n0t  excessive-  If  the  two  materials  were 
permitted  to  contact  physically  within  a  zone  at  over  3500°  F  then  the 
deterioration  of  the  zirconia  was  quite  rapid. 

s,:r  ■  ~  -  - —■ 

and  flPferent  Pur8e  8aBes  »ere  employed,  including  helium,  argon, 

was  selected  as^h™3  01^  dlfferer,ce  ln  Performance  was  noted  so  helium 
was  selected  as  the  primary  purge.  This  gas  was  dried  by  a  desiccant 

but  no  serious  effort  was  made  to  further  clean  it  since  the  heater  lS 
satisfac,ory- usuauy- pnrge  rates  °f  ab°ut  5 20 '?-» 

will  b^ZbZZr  rracl-  the  Chenistr>r  °f  the  in  the  hot  zone 

wai  be  determined  by  drawing  samples  out  for  analysis.  Undoubtedly 
carbon  vapors  will  be  detected,  although  none  were  visible  to  the  eye^ 

;aTa„dUYan4  blacr"'10"  °"  'he  eXp0SUre  °f  —  ^hite 

elp  di^iCfUUy  WaS  exPerienced  with  the  water-cooled  copper 
electrodes  that  were  operated  at  current  densities  up  to  300  amps  per 
quare  inch.  Undoubtedly,  these  electrodes  could  be  made  smaller  and 
operated  at  even  higher  current  densities. 

in«5fai]^CtUreS°f  the  different  furnaces  with  the  different  apparatuses 
installed  are  shown  m  Figures  4,  5,  6,  7,  and  8 

TEMPERATURE  MEASUREMENT  IN  THE  5000°  F  FURNACES 

The  temperatures  in  the  furnaces  were  determined  by  optical 
pyrometer  readings  through  optical  sight  glasses  wlth  p  y  Pnd 

sapphire  windows  to  5000°  F,  tungsten- rhenium  thermocouples  to 
WADD  TR  60-924  ft 
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Figure  4.  Furnace  Wo.  1  with  the  Expansion  Apparatus  Installad 
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.Figure  5»  Furnace  JMo  2  with  the  Expansion  Apparatus  Installed. 
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Figure  Y.  Furnace  No.  4  with  the  Heat  Capacity  Apparatus  Installed 


Figure  8.  Furnace  No.  5  with  End  Plugs  in  Place 


4600  F,  tungsten-molybdenum  thermocouples  to  4000°  F  platinum- 
rhodium  to  2800°  F,  and  Chromel-Alumel  to  2500°  F.  The  greatest 
reliability  was  found  using  the  optical  pyrometer  after  techniques  were 

developed  to  keep  the  optical  tubes  clear  of  fumes  and  condensing  vapors 
or  curtains.  s  ' 

In  addition  to  the  actual  temperature  calibration  runs,  cross  checks 
were  obtained  during  data  runs  between  the  optical  pyrometer  and  the 
the rmocouples  m  all  three  phases  of  the  work  in  the  temperature  range 

being  used  ?  ^  ^  faUure  temPerature  of  the  particular  couple 

In  some  preliminary  investigations,  the  influence  of  the  physical 
aspects  of  the  sight  tube  on  the  resulting  temperature  reading  was 
determined.  As  general  conclusions,  the  temperature  reading  was 
independent  of  the  distance  of  the  focusing  lens  of  the  pyrometer  from  the 
source  within  the  range  of  5  to  20  inches  with  a  normal  deviation  of  about 
10  to  15  F.  However,  the  diameter  of  the  sight  tube  had  a  major 
in  uence.  Tubes  larger  than-^-inch  diameter  had  no  effect  Tubes 

10o1oe20(?'apt;"Chh  lhe  lemperal“»'  reading  by  as  much  as 

hs  ,  h  a  a  m  n  500  F-  andi  inch,  the  diameter  of 

the  tube  had  the  influence  of  reducing  the  temperature  by  an  amount 

small  n  , a  °,"  the, t0be  leng,h-  ***  siSht  ‘“be  in  this  critical  range  or 

100°  F  mSSnn  r  calibrated  in  place  in  the  furnace  or  errors  as  large  as 
1UU  F  to  500  F  can  result. 

•  runs’  measurements  with  optical  pyrometers  were  made  by 

viewing  the  specimen  through  a  sight  window.  Windows  of  Pyrex  and 
synthetic  sapphire  were  used  in  the  furnaces  and  introduced  an  error 
in  the  observed  optical  readings.  To  correct  these  readings,  the  windows 
were  calibrated  by  comparing  readings  through  the  windows  to  readings 
with  no  window.  The  target  used  for  calibration  was  the  center  of  an  § 
inductively  heated  graphite  crucible  with  a  black  body  depth  to  diameter 
latio  of  three  to  one.  The  correction  curves  for  synthetic  sapphire  and 
Pyrex  sight  windows  are  shown  in  Figure  9.  With  a  steady  pyrometer 

n?0U!jl  “  *  e  cav^J  lyPe  target,  variation  in  pyrometer  readings  was 
about  1U  F  at  constant  source  temperatures. 

,  Several  runs  were  made  with  tungsten/ molybdenum  and  tungsten/ 
r  enium  thermocouples.  Tungsten/iridium  thermocouples  were  also 
evaluated,  but  the  iridium  became  extremely  brittle  in  these  furnaces 
The  temperatures  obtained  were  compared  to  corrected  optical  pyrometer 
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Figure  9.  Temperature  Calibration  Curves  for  Optical  Pyrometer 


readings,  to  temperature  measurements  made  with  established  thermo 
couples  Md  to  literature  data.  Curves  of  W/Mo  thermocouple  output 
versus  temperature  from  both  literature  data  and  Southern  Research 

furvfs  for0W/RlefhOPtiCal  ™  Sh°Wn  in  F18ure  l0-  Similar 

ves  for  W/ Re  thermocouples  are  shown  in  Figure  11.  Southern 

Research  institute  curves  have  the  same  character  as  the  literature  data 

but  definitely  indicate  a  lower  EMF  for  ^  given  temperature  The  snr0^ 

between  data  from  different  investigators  is  fairly  large  and  tSreTs 

some  spread  between  Southern  Research  Institute  calibrations  and  the 

data  hown  m  the  literature  although  the  character  is  the  same  These 

variations  can  result  from  variations  in  thermocouple  purUy  failure  to 

correct  optical  data  for  sight  tube  and  window  losses  or  variations  in 

wmm°C°^  ^eChniqUe-  FlgUre  12  includes  calibration  curves  for 
W/Mo  and  W/Re  thermocouples,  and  optical  readings  through  a  sapphire 
window.  Also  shown  in  Figure  12  are  points  comparing  es  f bHshed 
melting  points  of  materials  to  the  optical  readings  taken  when  these 
materials  were  melted  in  the  furnaces. 

1500°  F°werpeiWrk  thiS  COntract'  the  true  temperatures  above 
1500  F  were  taken  as  the  corrected  optical  readings.  High  temperature 

thermocouples  calibrated  by  corrected  optical  readings  were  „3 
extensively,  especially  in  locations  where  optical  readings  were 
impossible.  Although  any  one  optical  reading  may  be  in  error  the  great 
number  of  points  obtained  in  the  calibration  and  during  a  run  insured" 
statistically  accurate  data.  ea 

During  the  runs,  simultaneous  observations  were  made  of  the 

Ter'Zl  ‘e,mPera,„UreS  *  °P«=al  Pyrometer,  standard 

hermocoup  es  such  as  Chromel-Alumel  and  platinum-rhodium,  and  exotic 
thermocouples  such  as  tungsten-rhenium  and  tungsten-molybdenum  The 

Teller  grerally  fair  as  Sh0wn  values  but 

optical  datV  J  lnter°al  consistency  were  invariably  better  for  the 


The  furnace  environment  is  important  in  the  performance  of 

welded  7  ?  thermocouPles*  Wire  aging  was  minimized  by  using  new 
welded  junctions  on  each  run.  With  this  procedure,  no  poisoning  effect 

was  Tn  He  moUmeniedMhOWeVer'  “  *aS  °bserved  that  Chromel  Alumel 
rbLl  lltUe  “ore  rehable  than  Platinum-rhodium,  and  both  the  tungsten- 

output  EMFdf I)UngS ten " molybde num  couPles  demonstrated  a  shift  in 

Alio  hofh  In ’  *  gWen  temperature  after  a  high  temperature  exposure. 

b^low  Hie  mel  meUed  at  temPeratures  considerably 

below  the  melting  point  of  the  pure  crystal  of  the  metals. 
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Figure  11.  Calibration  Curves  -  Tungsten  vs.  Rhenium  Thermocouples. 


Table  1 


Cross  Check  of  Temperatures  in  the  Furnace  During  Runs 
by  Comparison  of  a  Calibrated  Optical  Pyrometer  and  Thermocouples 


True  Temp,  by 
Calibrated  Optical 
Pyrometer 

0  F 

Temp,  by  Standard 
Thermocouples 

0  F 

Temp,  by  Exotic 
Thermocouples 

0  F 

1890 

1860 

2075 

2081 

_ 

2060 

2084 

_ 

2040 

2075 

_ 

1570 

- 

1530 

1780 

- 

1720 

2230 

- 

2205 

2840 

- 

2780 

3150 

- 

3130 

1570 

- 

1590 

2840 

- 

2700 

1570 

1671 

1530 

1820 

1945 

1720 

2045 

2149 

1900 

2310 

2386 

2205 

2840 

- 

2780 

3000 

- 

3085 

3150 

- 

3130 

WADD  TR  60-924 


18 


Different  protection  tubes  were  used.  Alumina  and  magnes  ia 

5nnn°rmed  WeD  t0  3000°  F’  but  °nly  thoria  extended  the  range  to  over 
4UUU  F.  Some  beryllia  tubes  were  available  but  not  used.  Actually 

unanchored  bare  wires  invariably  performed  with  the  most  reliability 
and  minimum  premature  breakage. 


THE  SPECIMEN  MATERIALS  AND  THEIR  GENERAL  PERFORMANCE 

The  refractory  materials  evaluated  in  this  program  were  ordered 
under  specifications  requiring  a  maximum  density  purity,  and  strength 
while  employing  a  forming  process  compatible  with  either  laboratory  or 
production  line  techniques.  Particle  size  was  left  to  the  discrimination 
of  the  supplier.  Reliable  performance  as  components  at  5000°  F  was 
emphasized  and  the  price  left  open.  Generally,  the  best  product  For  the 
current  state  of  the  art  was  anticipated.  The  suppliers  were  informed 
of  the  particular  properties  to  be  measured. 

More  than  one  supplier  was  found  for  every  material;  however, 
the  price  range  and  delivery  dates  were  often  orders  of  magnitude 
different.  In  every  case,  the  supplier  was  selected  either  on  the  basis 
of  a  probable  premium  product,  experience  in  a  particular  field,  ora 
more  firm  guarantee  of  performance. 

Within  the  very  rigid  confines  of  proprietary  rights,  all  suppliers 
were  very  cooperative  and  assisted  greatly  in  the  over-all  performance 
by  expediting  deliveries.  In  spite  of  this.,  the  very  nature  of  the  work  of 
producing  the  specimens  resulted  in  some  delays  and,  in  some  instances, 
in  delivery  of  about  a  year.  Also,  some  of  the  properties  of  some  of 
the  materials  have  not  been  received  even  yet.  All  pressed  materials 
were  pressed  in  the  axial  direction. 

The  specimen  sizes  were  selected  on  the  basis  of  maximum 
compatibility  between  the  thermal  property  measurement  apparatuses 
and  the  ability  to  produce  a  sound  specimen.  Some  suppliers  could  not 
produce  a  piece  bigger  than  one-inch  diameter  nor  longer  than  about  three 
diameters.  Other  suppliers  questioned  the  homogeneity  that  could  be 
anticipated  for  special  shapes  and  sizes.  As  a  compromise,  solid 
pieces  about-f-inch  diameter  by-|  or  3  inches  long  were  selected  as  the 
goal.  Southern  Research  Institute  then  shaped  the  specimens  with 
diamond  grinding  and  ultrasonic  drilling  equipment. 
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In  Table  2  the  general  information  on  all  materials  is  presented 
as  it  is  best  known  now.  The  density  and  chemical  composition  of  the 
materials  before  and  after  the  high  temperature  exposures  will  be 
determined  by  chemical  and  spectrographic  analyses  under  a  subsequent 
contract. 

The  table  contains  one  column  listing  the  theoretical  melting 
temperature  and  another  listing  the  temperature  at  which  the  specimens 
failed  in  these  evaluations.  Only  three  of  the  materials  performed  at 
over  5000°  F.  This  limit  was  not  the  furnaces,  but  the  specimen  materials. 
In  a  few  cases,  such  as  for  columbium  carbide,  the  temperature  range 
could  have'  been  extended  to  over  5000°  F  without  melting  the  specimen; 
however,  since  the  specimens  failed  at  4740°  F  in  a  fashion  such  as 
fracturing  or  exploding  that  precluded  any  further  measurements,  the 
runs  were  concluded.  Most  of  the  specimens  failed  by  apparent 
disassociation,  incipient  melting,  excessive  softening,  or  a  similar 
mechanism-that  indicated  absolute  material  failure.  Figure  13  shows 
the  different  materials  before  and  after  the  exposures. 

After  the  runs,  the  specimens  were  examined  carefully  to 
determine  the  type  of  failure  and  the  possible  contamination  that  may  have 
resulted  from  carbon  vapor  in  the  furnace  atmosphere.  Generally,  it  did 
not  appear  that  the  presence  of  the  trace  carbon  vapors  actually  caused 
any  failures  or  induced  premature  temperature  deterioration  at  other 
than  the  surface  of  the  material.  More  specific  data  will  be  presented 
after  the  material  analysis  that  is  to  be  performed.  One  exception  is 
anticipated.  The  tungsten  melted  at  about  5000°  F.  Of  course,  the 
crystal  melts  at  over  6000°  F  so  it  is  probable  that  the  carbon  eutectic 
was  formed.  It  is  not  known  whether  the  carbon  came  from  the  furnace 
vapors  or  was  in  the  material  before  exposure.  The  very  gross  melting 
as  shown  in  Figure  14  suggests  that  the  carbon  may  have  been  in  the 
material.  See  Figure  15  for  a  picture  of  some  small  specimens  of 
tungsten  supplied  by  four  different  suppliers  and  exposed  to  4940°  F. 

Also,  in  one  instance  the  tungsten  specimen  melted  internally  and  broke 
through  the  solid  shell,  or  skeleton,  of  the  surface  material.  The 
analysis  provided  by  the  supplier  does  not  indicate  sufficient  carbon  to 
induce  such  gross  melting  without  pickup  from  the  furnace;  however,  the 
analysis  was  provided  as  typical  of  the  melt  and  not  for  this  particular 
series  of  specimens. 

There  is  considerable  evidence  that  many,  of  these  materials  with 
crystal  melting  points  of  over  5000  F  were  actually  fired  during  forming 
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Properties  nf  Ihc  Mp  Ur  lulu  Evaluated  In  (he  Work 


SRI  Material  Name- 
No. 


I  Silicon  Nitride 


I  Hafnium  Nitride 

3  ’i  Itanium  Nitride 

4  Zirconium  Nitride 

3  Tantalum  Carbide 


8  Columblum  Carbide 


7  Zl.-ronium  Carbide 

8  Hafnium  Carbide 

9  Zirconium  Boride 

10  Tantalum  Boride 

11  ATJ  Graphite 

12  Tungaten 


1 3  Zirconium  Slilrale 

(Zirconium  Orthosilicate) 
(Taylor  Zircon  CZ-5) 


Material  Supplier 

Chemical 

Symbol* 

t 

themlml  (onRHiMltliNi 
by  %  Weight  KsiYpt  an 
Noted 

■ 

-raj- 
ii.  w 

Pc  mint  nr 
Theoretical 
iX'nally 

Forming  Method 

'l  nsorelli-sr 

Melting  or 

Maximum 

Kxpaaurs 

Remark* 

Destruction 

Temperature 

of  Ihire 

*  V 

Material 
*  F 

• 

• 

The  Carborundum  Company 

SIN 

0.05  Cn,  0.01  Cu. 

0.01  Mg,  0.3  At.  1.8 
Kcs,  0.01  Tl,  find 
Trace  Bo,  Na,  and 

Mn  -  Remainder  SI 
and  N 

148 

"A  Casting  Method” 

&  3500 
(Sublimes) 

3420 

Melting 

The  Carborundum  Company 

If  TN 

Wcl  Analysis: 

M.4%  Hf,  0,81%  N,, 

877 

lint  Preaaod 
(Firing  Tcmiwra- 

5990 

4750 

Fraclur# 

turc  Noar  8500*  V) 

Technical  Research  Group 

TIN 

Rcifieatcd 

355 

lint  Pressed 

5310 

4700 

Incipient  Melting 

General  Electric  Company 

ZrN 

Information 

Promised 

437 

Pressed  and 

Sintered 

5400 

4810 

Fracture 

Kennamelal,  |nr. 

TaC 

8.14  C.0N,  0.1  Vf, 
<0.01  SI,  MK>  Ca, 

868 

Hot  Prcaned 

7020 

4800 

fitting  and 

Al.  Tl,  Cb,  Rn,  Y.\\ 

Pe,  Na,  Mn,  Me  and 

Nl  -  Remainder  Ta 

Spalling 

Kennamelal,  |nc. 

CW 

11.3  c,  0.07  N, 

0. 1  Ft.  0. 1  W. 

478 

Hot  Presaeil 

6330 

4740 

Cracks  and 

<0.01  SI,  Mn,  Mr, 

Cr,  Sn,  Tl.  Zr. 

Nl  -  Remainder  Cb 

Flaaurea 

General  Electric  Company 

XrC 

Information 

Promised 

371 

Pleased  and 

Sintered 

5750 

4700 

Exploded  at 

2800*  F 

The  Carborundum  Company 

life 

Rcqucaiod 

837 

Hot  Pfeaacd 
(Firing  Tempera¬ 
ture  Near  6500*  F 

7030 

5220 

Some  Spectmeni  Broke 

Norton  Company 

ZrB 

78.7  Zr,  17.8  a, 

0.38  C  -  Remainder 

Tl.  Kr,  Nl.  Ca,  Al, 
and  Si 

258 

70  to 

75 

Hot  I’rcaacd 

5500 

(ZrB,) 

4750 

Melting 

General  Electric  Company 

TsB 

Information 

Promised 

756 

Pressed  and 

Slnlt  red 

5430 

(TaR,) 

4610 

Incipient 

Melting 

National  Carbon  Company 

C 

Krtficated 

110.3 

Molded  and 

8800 

5150 

No  Deterioration 

Fired 

(Sublimes) 

In  PPM:  30  Fa, 

1178 

08.4 

Arr-Caal 

Metals  Company 

28  SI,  20  O. 

10  S,  10  P  snd  Nl, 

Cu,  If  snd  N  • 
Remainder  W 

6080 

5010 

Mel  ling 

The  Charlca  Taylor 

Sons  Company 

ZrSIO, 

Y.iO,  -  65-68%, 

-  33-34%, 

A l,C),  -  1%  Max.  , 

252 

81.5 

Slip- Cant  and 

Sintered 

(Dis¬ 

associates) 

32SO 

3710 

Softening 

(Jnrlplenl  Melting) 

I  VtO,  -  0,  1%  Mm.  , 

TIO,  -  0.3%  Mat., 
Olliers  -  0. 2%  Mat. 

14  Synthetic  Sapphire 

15  Armto  Iron 


Linde  Company 

ai,o, 

100  A  1,0, 

233 

100.0 

Grown  Single 

Crystal 

3700 

Lnpham-Hickcy  Steel 
Corporation 

0.012  C,  0.017  Mn, 
0.005  |\  0.025  .S, 
Trace  Si  -  Remain¬ 
der  Fc 

470 

Cold  Drawn  Irom 

Melt 

2804 

3008  No  Octerioralion 

2230  No  Deterioration 


18  Grade  ‘A’  Nickel 


•I.  M,  Tull  Metnl  and 
Supply  Com  pony 


0. 25  Cu,  0. 5  Pc. 
0.38  Mn.  0.5  SI, 
0.3  C,  0.0J  S  - 
Remainder  Nl 


Cold  Rolled  from 
Me  11 


2100 


No  Deterioration 


The  boridca  are  claimed  aa  borides  -  mny  contain  ronalderablc  diboride. 

Information  provided  by  tuppliera  -  to  be  checked  at  Southern  Research  Institute  in  Pari  2  of  work 
Measured  at  Southern  Research  Institute  by  volume  displacement  method. 

Information  provided  by  suppliers. 

Supplier  and  handbook  Information  for  rryntals  snd  pure  material. 

M"taUm  ,'m"r"Ur'  "■  *»rt  limits  by  m.".M  .  „„,„c  (nil,,..,  „.-,,,r,cd 


Note:  No  ptriicle  size  Informsllnn  haa  been  received  although  rrquratrd. 
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Material 


ATJ  Graphite 
Tungsten 

Tantalum  Boride 

Zirconium  Boride 

Columbium  Carbide 

Hafnium  Carbide 

Tantalum  Carbide 

Zirconium  Carbide 

Hafnium  Nitride 

Silicon  Nitride 

Titanium  Nitride 

Zirconium  Nitride 

Zirconium  Silicate 

Figure  13. 
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Picture  of  the  Specimens  Before  and  After  the 
High  Temperature  -Exposures. 
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Figure  l^T-  Picture  of  Tantalum,  tungsten  Wire,  Tungsten  Sheet,  and  Part  of  Arc-Cast  Tungsten  Specimen 
After  Exposure  to  5000°F  (Specimens  in  Listed  Order  from  3  to  4  on  the  Scale). 


at  considerably  below  the  melting  temperature  of  their  crystals  and  even 
considerably  below  5000  F.  First,  the  data  that  was  obtained  on  the 
thermophysical  properties  shifted  considerably  after  the  temperatures 
exceeded  4500°  F  to  5000°  F.  Reruns  then  indicated  repeat  data  up  to  the 
level  of  the  maximum  temperature  of  the  previous  run  and  then  again  the 
data  would  shift.  Second,  heat  soaking  some  of  the  specimens  at  a  little 
over  4500  F  for  15  minutes  quite  dramatically  improved  their  subsequent 
performance  in  resistance  to  fracture  and  shifted  their  absolute  thermo¬ 
physical  properties.  See  Figure  16  for  a  picture  of  the  conductivity 
specimens  showing  the  results  of  exposures  on  as-received  and  heat 
soaked  specimens.  Third,  one  supplier  quoted  on  several  materials  with 
melting  temperatures  considerably  over  5000c  F  and  then  declined  to  quote 
on  another  material  with  the  comment  that  their  facilities  would  not  provide 
the  required  temperature  of  5000'  F  for  that  material.  Of  course,  different 
facilities  may  have  been  involved. 

Specific  details  on  the  materials  are  presented  in  subsequent  sections 
as  they  relate  to  the  measurement  of  the  particular  properties;  however, 
the  nature  of  the  materials,  furnaces,  and  measurements  should  be  kept 
in  mind  during  the  discussion  of  all  observations. 


HEAT  CAPACITY 


Apparatus  and  Procedure 


The  heat  capacity  was  determined  to  5000c  F  for  all  materials 
except  those  that  melted,  exploded,  or  otherwise  deteriorated  at  lower 
temperatures.  The  apparatus  employs  the  drop  technique  in  which  the 
specimen  is  heated  in  a  tube-type  graphite  furnace  and  then  dropped  in 
an  ice  calorimeter  in  which  an  ice  mantle  has  been  frozen  around  the 
cup,  and  the  heat  from  the  specimen  is  sensed  as  the  change  in  volume 
as  some  of  the  ice  melts  and  changes  into  water.  The  annulus  containing 
the  flooded  ice  mantle  communicates  with  the  atmosphere  through  a 
mercury  column  so  that  the  change  in  volume  is  read  directly  on  a 
calibrated  glass  tube  to  provide  a  volumetric  mercury  accounting  system. 

A  cross  section  of  the  apparatus  is  shown  in  Figure  17.  Detailed 
pictures  of  the  ice  calorimeter,  the  ice  mantle,  and  the  drop  rig  are 
shown  in  Figures  18,  19,  and  20. 
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Before 

Exposure 


After  Conductivity  Runs 
Specimens  Not  Heat  Soaked 


After  Conductivity  Runs 
Specimens  Heat  Soaked  at 
4500°  F  for  15  Minutes 


Before  Runs 


Tantalum 

Carbide 


Figure  16.  Pictures  of  Thermal  Conductivity  Specimens  -  Heat 
Soaked  and  Unsoaked  -  After  the  Conductivity  Runs 
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Figure  17.  Cross  Section  View  of  Ice  Calorimeter. 


The  details  of  the  furnace  are  presented  in  another  section  so  are 
not  repeated  here.  The  section  on  calibration  discusses  many  of  the 
features  of  the  ice  calorimeter  with  emphasis  on  those  aspects  that 
contribute  to  minimum  error.  The  calorimeter  is  very  accurately 
guarded  and  has  been  thoroughly  checked  out  against  copper,  sapphire 
and  graphite  standards. 

In  operation,  the  specimen  is  enclosed  in  a  basket  and  dropped  into 
the  ice  calorimeter.  The  basket  has  been  previously  dropped  and  its  heat 
content  noted.  Typical  data  showing  the  mercury  displacement  as  a 
function  of  time  before,  during,  and  after  the  drop  are  plotted  in 
Figures  21  and  22.  The  mercury  displacement  is  a  measure  of  the 
amount  of  ice  on  the  mantle  that  has  melted;  the  time  is  measured  from 
any  selected  interval  after  freezing  the  mantle  and  permitting  the  sub¬ 
cooling  to  equilibrate  at  32c  F.  For  the  first  30  minutes  or  so,  the  slope 
is  a  measure  of  the  heat  loss  from  the  system.  At  the  time  of  the 
specimen  drop,  the  slope  increases  sharply.  After  the  specimen  has 
cooled  to  32  F,  the  curve  flattens  out  to  the  same  slope  that  existed 
before  the  drop.  The  heat  removed  from  the  specimen  is  proportional  to 
the  ordinate  displacement  of  the  two  slopes  before  and  after  the  drop. 

The  mercury  displacement  units  have  been  calculated  so  that  one  cc  is 
equivalent  to  3.  5  Btu.  The  enthalpy  from  a  zero  reference  of  32'  F  is 
then  calculated  from  this  heat  removal  and  the  weight  of  the  specimen. 

To  determine  the  enthalpy  of  the  specimen  alone,  it  is  necessary 
to  know  the  effect  of  the  drop  basket,  radiation  losses  drop  losses,  and 
unknowns  upon  the  system.  This  is  determined  by  making  runs  with  the 
drop  basket  alone.  The  mercury  displacement  caused  by  dropping  the 
basket  includes  the  above-mentioned  losses  and  provides  a  convenient 
way  to  correct  for  system  unknowns. 

To  determine  the  mercury  displacement  caused  by  a  specimen,  the 
displacement  caused  by  the  drop  basket  must  be  subtracted  from  the' total 
displacement  caused  by  a  specimen  enclosed  in  a  drop  basket. 

The  mercury  displacement  units  have  been  calculated  so  that  one 
cc  is  equivalent  to  3.  5  Btu.  The  enthalpy  from  a  zero  reference  of  32°  F 
is  then  calculated  from  this  heat  removal  and  the  specimen  weight  as 
follows: 


(Mercury  Displacement,  cc)(3.5  Btu  ) 

Enthalpy  - _ _ _ cc  ' 

(Specimen  Weight,  lbs) 
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Figure  21.  Mercury  Displacement  Due  to  304  Stainless  Steel  Basket. 
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Mercury  Displacement  -  cc 


Figure  22.  Mercury  Displacement  Due  to  Sapphire  Enclosed 
in  304  Stainless  Steel  Basket. 
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As  an  example,  the  mercury  displacement  due  to  synthetic 
sapphire  dropped  at  1503°  F  is  as  follows: 

From  Figure  22,  total  displacement  =  5.95  cc 

From  Figure  21,  basket  displacement  =  0.  60  cc 

By  subtraction,  displacement  due  to  specimen  =  5.35  cc 

Specimen  Weight  =  21.765  grams  -  Or  048  lbs 


Enthalpy  = 


5. 35  x  3.  5 


0.048 


Enthalpy  390  Btu/lb  from  drop  temperature  to  323  F 

Drops  were  made  at  500°  F  temperature  increments  and  enthalpy 
versus  temperature  plots  obtained.  Three  different  techniques  were 

employed  to  reduce  this  enthalpy  data  to  heat  capacity  versus  temperature 
information. 


nn  o  FlrSt'  the  sl°Pes  of  the  enthalpy  plots  were  read  from  the  curves  at 
UU  F  total  increments  around  a  mean  temperature.  This  slope  is  then 
the  average  heat  capacity  of  the  material  at  this  temperature.  The 
technique  has  the  major  advantage  of  being  insensitive  to  odd  inflections 
m  the  curve  and  of  providing  reliable  data  that  is  not  distorted  by  the 
practical  inability  to  write  a  precise  equation  that  matches  the  enthalpy 
plot  throughout  its  entire  range. 

As  a  second  method  of  treating  the  enthalpy  data  to  obtam  heat 
capacity  versus  temperature  information,  equations  were  written  for  the 
best  visual  curve  fit  of  the  enthalpy  plot  (Enthalpy  =  a  +  bT  +  cT2  r  dT3) 
After  solving  these  equations,  the  heat  capacity  is  the  derivative 
(HC  =  b  +  2cT  +  3dTz).  Unfortunately,  most  of  the  materials  over  the 
wide  temperature  ranges  employed  had  several  inflections  so  that  the 
equation  actually  fit  only  the  four  points  selected  for  simultaneous 
solution  rather  than  the  entire  range.  Since  heat  capacity  is  the  derivative 
of  the  enthalpy  plot,  any  deviation  of  the  equation  from  the  observed  data 
introduces  a  magnified  error  in  heat  capacity.  Figure  A-3  in  the 
Appendix  shows  plots  of  the  heat  capacity  as  determined  by  these  first 
two  techniques  for  the  hafnium  nitride  specimen. 

Third,  equations  were  developed  on  a  computer  from  a  least 
squares  fit  of  all  observed  data.  The  equations  for  all  materials  are 
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included  in  Table  A-18.  Although  data  from  these  equations  is  subject  to 
the  same  anomalies  described  for  the  second  analysis,  they  do  present 
the  function  in  a  relation  required  for  many  applications. 


After  careful  consideration,  the  technique  of  data  analysis 
employing  the  slope  measurements  was  selected  and  used  in  the 
preparation  of  all  data  on  heat  capacity. 

Date  and  Results 


The  enthalpy  and  heat  capacity  data  for  all  specimen  materials,  the 
stainless  and  graphite  baskets,  and  the  copper  and  sapphire  calibration 
specimens  are  shown  in  Figures  A-l  through  A-17  in  Appendix  1  and 
Tables  A-l  through  A-17  in  Appendix  2.  The  data  points  on  the  enthalpy 
plots  are  observed  readings  with  the  maximum  temperature  point  being 
the  top  exposure  temperature.  At  these  maximum  temperatures,  many  of 
the  materials  deteriorated;  however,  no  attempt  has  been  made  at  this 

time  to  relate  precisely  the  type  of  deterioration  with  the  change  in  heat 
capacity. 

Also,  many  of  the  inflections  in  the  high  temperature  range  can  be 
related  to  inflections  in  the  thermal  expansion  and  thermal  conductivity 
data.  Again,  these  inflections  can  be  more  thoroughly  analyzed  and 
discussed  after  the  chemistry  of  the  material  is  better  established. 

Both  of  the  elements,  graphite  and  tungsten,  demonstrated  an 
increase  in  heat  capacity  to  about  3000°  F  and  then  a  slight  decrease  with 
the  graphite  again  increasing  above  4000°  F.  No  difficulty  was 
experienced  in  extending  the  exposure  on  graphite  to  over  5100°  F,  but 
the  tungsten  completely  melted  at  5300°  F,  and  even  the  4950°  F  run 
showed  signs  of  melting.  Chemical  analysis  will  probably  indicate  that 
either  the  tungsten  contained  carbon  as  it  was  received  or  else  picked  up 
carbon  from  the  furnace  since  tungsten  and  carbon  do  form  a  eutectic 
melting  at  about  5000°  F .  Once  this  melting  started,  the  specimen  would 
probably  continue  to  failure. 

Although  the  nitrides  appeared  to  disassociate  and  undergo  rather 
serious  changes  in  physical  appearance  (and  odd  thermal  expansions) 
at  temperature?  above  3500°  F,  the  hafnium  nitride  was  taken  to  over 
4900  F  and  the  titanium  nitride  and  zirconium  nitride  to  over  4500°  F 
Only  titanium  nitride  had  an  odd  inflection  at  about  2500°  F.  The  other 
nitrides  had  rather  smooth  curves  over  the  entire  temperature  range 
with  a  gradual  increase  in  heat  capacity  at  up  to  2000°  F. 

capacity  the  borides  increased  with  temperature  up  to 
about  2000  F  and  then  remained  constant  to  over  4000°  F.  Neither 
boride  behaved  in  an  erratic  fashion. 
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After  an  orderly  increase  at  up  to  about  2000°  F,  the  heat  capacity 
of  the  zirconium  silicate  again  increased  slightly.  This  higher 
temperature  inflection  was  probably  associated  with  material  change 
since  almost  complete  destruction  occurred  at  less  than  3500°  F. 

0  All  of  the  carbides  had  an  increasing  heat  capacity  at  up  to  about 
2000  F.  The  slope  of  the  hafnium  carbide  curve  then  remained  flat  to 
5000°  F;  whereas  the  columbium  carbide  data  had  a  slight  inflection,  and 
the  zirconium  carbide  demonstrated  an  increasing  value  beyond  3700°  F. 
Although  the  zirconium  carbide  and  columbium  carbide  data  were  only 
extended  to  4700°  F,  they  probably  could  have  been  exposed  to  5000°  F. 
However,  these  materials  had  a  tendency  to  spall  and  fracture 
catastrophically  so  that  the  probability  of  seriously  damaging  the  furnace 
did  not  make  the  risk  seem  worth  while. 

The  data  on  the  sapphire  and  copper  indicate  the  very  little  scatter 
that  was  obtained  with  homogeneous  specimens  of  stable  composition. 
Actually,  the  scatter  was  not  particularly  bad  with  most  of  the  specimens, 
and  the  observed  inflections  were  undoubtedly  real.  These~standard 
specimens  are  discussed  further  in  the  section  on  calibration. 

The  heat  capacity  data  on  the  baskets  are  included  primarily  to 
record  the  information,  The  increased  scatter  with  the  very  small 
specimens  should  be  expected;  however,  it  is  interesting  to  note  that  the 
heat  capacity  still  checks  rather  closely  with  that  anticipated  for  the  two 
materials  even  though  the  baskets  suffer  practically  all  of  the  drop  losses 
that  do  occur. 


CALIBRATION  AND  ERROR  ANALYSIS 
OF  THE  HEAT  CAPACITY  APPARATUS 

The  drop- type  ice  calorimeter  has  no  inherent  limitations  for 
service  up  to  5000°  F  and  demonstrates  good  performance  throughout 
the  entire  temperature  range.  Since  this  method  employs  direct 
measurements  of  the  variables  rather  than  a  comparison  technique,  the 
accuracy  is  as  good  as  the  total  of  the  separate  measurements. 
Specifically,  the  precision  of  the  data  is  dependent  on  (1)  the  accuracy 
of  the  temperature  measurement  of  the  specimen  in  the  furnace 
immediately  before  the  drop,  (2)  the  absence  of  temperature  gradients 
in  the  specimen  before  the  drop,  (3)  minimizing  the  already  small  heat 
loss  from  the  specimen  during  the  fall  from  the  furnace  to  the  cup, 
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(4)  eliminating  heat  losses  by  radiation  of  the  specimen  out  of  the  cup  after 
the  drop,  (5)  guarding  the  cup  and  accurately  accounting  for  any  losses 
during  the  specimen  cooling  from  drop  temperature  to  32°  F,  and 
(6)  measuring  the  change  in  volume  of  the  ice  and  water  in  the  cavity 
containing  the  ice  mantle  as  the  ice  absorbs  the  heat  and  changes  in 
volume  while  proceeding  from  ice  to  water. 


The  specimen  size  must  be  selected  to  provide  large  heat  contents 
for  accurate  readings,  and  the  material  chemistry  must  be  stable  in  the 
furnace  environments.  These  two  requirements  are  aggravated  by  the 
high  temperature  aspects  since  large  specimens  are  inclined  to  thermal 
shock  and  the  graphite  heater  does  emit  carbon  vapors.  By  enclosing  the 
specimen  in  heat-aged  graphite  baskets,  broken  specimens  could  be  handled 
and  the  contamination  from  heater  fumes  was  minimized.  Lining  the  cups 
with  tungsten  foil  and  a  zirconia  cement  wash  has  also  proven  effective. 

The  best  protection  is  to  introduce  fresh  helium  right  at  the  specimen. 

A  compilation  of  these  possible  errors  indicates  that  the  apparatus 
is  accurate  to  well  within  5%  over  the  entire  temperature  range. 

Comparison  of  Southern  Research  Institute  data  on  copper,  Linde  synthetic 
sapphire,  ATJ  graphite,  and  many  other  isolated  check  points  on  the 
specimen  materials  all  confirm  the  5%  accuracy. 

A  detailed  discussion  of  the  different  variables  is  necessary.  The 
specimen  temperatures  were  measured  by  thermocouples  at  up  to  2000°  F 
and  then  by  calibrated  optical  pyrometer  to  5000°  F.  A  selenium-cell 
radiation  pyrometer  was  also  used  regularly  as  an  operation  aid.  A 
detailed  discussion  of  the  temperature  calibration  is  included  in  another 
section;  however,  it  should  be  noted  that  at  various  times  the  specimens 
were  monitored  by  platinum-rhodium,  Chromel-Alumel,  tungsten- 
molybdenum,  and  tungsten-rhenium  thermocouples  concurrent  with  optical 
measurements  on  a  different  part  of  the  specimen.  No  gradients  over 
about  10°  F  were  normally  detected.  The  long  5-inch  hot  zone  undoubtedly 
minimized  any  end  cooling  of  the  specimen.  Also,  the  end  plugs  of  the 
furnace  were  usually  zirconia,  molybdenum,  tungsten,  or  graphite,  all 
of  which  were  permitted  to  come  to  near  specimen  temperature  so  that  a 
cold  end  surface  was  simply  not  present.  The  soak  time  for  the  specimen 
was  always  at  least  five  times  the  theoretical  that  would  be  required  from 
diffusivity  calculations. 

Very  little  heat  can  be  lost  from  the  specimen  during  the  drop. 

About second  is  required  for  the  fall.  If  the  specimen  were  at  5000°  F 
and  the  emission  were  all  lost,  then  about  0.  2  Btu  would  be  involved. 
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The  enthalpy  change  for  the  ATJ  specimen  at  5150°  F  for  examole  wac 
about  70  measured  Btu  so  that  only  0. 3%  could  be  lost.  Since  the  ’ 
specimens  are  actually  dropped  in  an  enclosing  basket,  and  since  the 
basket  has  been  previously  dropped  and  the  heat  content  noted,  the  thermal 
diffuswity  ib  such  that  all  of  the  0.2  Btu  that  is  lost  departs  from  the 
calibrated  basket-not  the  specimen.  Assuming  even  a  10%  error  in 
calibrating  the  lightweight  baskets,  the  net  effect  on  the  heat  content  of  the 
specimen  could  be  no  more  than  0. 03%.  The  thermal  diffusivity  of  the 

basket  is  such  that  the  specimen  temperature  itself  does  not  have  time  to 
decrease. 


T°  minimize  heat  pickup  by  the  cup  from  the  furnace  immediately 
efcre  the  drop  and  to  eliminate  heat  loss  radiating  from  the  specimen 
out  of  the  cup,  a  spring-loaded  flapper  valve  was  installed  within  the  cup. 
This  molybdenum  flapper  reflects  the  heat  from  the  furnace  up  out  of  the 
cup  during  the  few  seconds  the  bottom  plug  of  the  furnace  is  pulled  and 
e  drop  made  and  reflects  the  specimen  radiation  down  into  the  cup 
during  the  specimen  cooling.  Any  heat  that  is  absorbed  by  the  flapper 
uring  the  15  minutes  required  for  the  specimen  to  cool  is  conducted  to 
the  cup  walls  and  hence  contributes  to  melting  the  ice  mantle  and  is  not 
lost.  Proper  design  and  operation  of  this  flapper  valve,  coupled  with  the 
use  of  lightweight  calibrated  baskets,  are  probably  the  two  key  features  of 
a  successful  drop- type  calorimeter  of  this  type.  Without  the  flapper,  over 
lU/o  error  is  introduced  at  high  temperatures. 


The  cup  zone  is  completely  guarded  by  the  flapper  and  recirculated 

that  ent6rS  th€  gUard  ZOne  at  32°  F  and  leaves  at  not  °ver  33°  F. 
ith  this  high  circulation  rate  and  resulting  good  guarding,  the  normal 

heat  loss  from  the  empty  cup  over  a  10-minute  period  is  no  more  than 
'  /o  of  the  heat  absorbed  from  a  specimen  dropped  at  1500°  F.  However 
this  heat  loss  is  not  error.  The  slopes  of  the  heat  loss  versus  time 
curves  before  and  after  the  drop  (and  subsequent  specimen  cooling)  are 
essentially  equal  so  that  the  slope  before  the  drop  can  be  extended  to  the 
time  after  specimen  cooling,  and  the  heat  absorbed  from  the  specimen 
is  the  difference  on  the  ordinate  between  these  two  parallel  slope  lines. 
Data  inspection  reveals  that  the  slopes  practically  always  remain 
constant;  however,  assuming  even  a  10%  error  in  slope  extension,  the 
error  introduced  in  determining  the  heat  content  would  be  no  more  than 
U.  7%  for  the  specimen  and  6%  for.  the  basket.  Since  the  basket  is  so 
lightweight  and  has  a  small  heat  content,  it  has  only  about  a  10% 
influence  and  so  contributes  only  0.  6%  to  any  accumulative  error.  On 
this  basis,  the  total  error  resulting  from  improper  guarding  could  total 
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no  more  than  1.3%  at  1500  F  and  is  proportionately  less  at  higher 
temperatures.  The  fact  that  accurate  and  reproducible  data  are  obtained 
even  at  300  F  indicates  that  the  slope  extension  results  in  data  that 
is  considerably  better  than  the  over-all  1.3%  error  that  has  been  allowed. 

The  mercury  accounting  system  involves  simply  the  accuracy  of 
reading  a  mercury  column  in  a  calibrated  glass  tube.  At  1500°  F  drops 
this  readout  is  within  better  than  1%.  At  higher  temperatures  the 
readout  is  proportionately  better.  When  more  accuracy  is  needed,  the 
system  can  be  modified  by  using  a  resistance -wire  technique  or  mercury  ° 
weighing  system;  however,  for  these  runs,  the  change  in  mercury  column 
height  was  sufficient  to  use  the  volumetric  measure.  To  insure  a  minimum 
influence  of  any  air  bubbles  that  could  be  entrapped  in  the  ice-mantle  cavity 
or  in  the  mercury  system,  a  constant  pressure  head  was  maintained  on  the 
ice -mantle  part  of  the  system  during  all  readings, 

A  comparison  of  data  obtained  from  the  Southern  Research  Institute 
ice  calorimeter  and  that  published  by  other  investigators  on  synthetic 
sapphire  is  shown  in  Table  3.  Generally,  some  investigators  have  found 
values  a  little  higher  and  others  have  found  values  a  little  lower.  An 
inspection  of  Figure  A-15  showing  the  enthalpy  versus  temperature  plot 
for  sapphire  reveals  that  the  maximum  deviation  of  a  measured  data  point 
from  the  smooth  curve  fit  was  only  2%.  All  other  data  points  matched 
even  better.  Data  on  copper  is  presented  in  Figure  A-14  indicating  very 
close  agreement  between  the  Southern  Research  Institute  and  literature 
data.  Also,  the  ATJ  data  in  Figure  A-l  is  in  good  agreement  with  the 
literature  and  is  considered  as  a  calibration  standard  to  5000°  F.  Other 
specimens  such  as  tungsten  also  check  well  with  published  information. 

The  data  treatment  introduces  no  additional  error  since  readout  on 
the  enthalpy  versus  temperature  curves  is  to  three  significant  figures 
The  slope  is  the  heat  content  in  Btu/lb/°  F  so  no  additional  treatment  is 
necessary.  The  procedure  of  writing  an  equation  for  the  enthalpy  versus 
temperature  plot  and  taking  the  derivative  to  obtain  heat  content  data  does 
introduce  error  in  those  ranges  on  the  curve  at  which  the  derived 
equation  deviates  from  the  observed  data  points.  Since  the  equation  is  a 
perfect  match  only  at  3  or  4  points,  depending  on  the  treatment,  some 
deviation  at  midpoints  is  inevitable.  Of  course,  the  derived  equation 
should  never  be  extrapolated  beyond  the  range  of  the  points  used  to  obtain 
the  constants  so  that  the  equation  really  adds  nothing  to  the  information. 
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The  probable  error  was  statistically  determined  for  the  enthalpy 
versus  temperature  curves  to  establish  the  maximum  deviation  that 
should  be  expected  for  50%  of  the  observed  data  points  from  the  smooth 
curve.  This  deviation  was  more  enthalpy  dependent  than  temperature 
dependent  and  was  found  to  be  about  3%  at  the  100  Btu/lb  range  and 
at  the  1500  Btu/lb  range.  The  over-all  probable  errors  for  ATJ,  TaB 
ZrB,  HfC,  and  SiN  were  about  3%  for  all.  Except  for  temperatures  at’ 
which  the  specimens  were  deteriorating.,  these  data  are  representative. 


THERMAL  EXPANSION 
Apparatus  and  Procedure 

Ihermal  expansion  measurements  were  made  on  all  specimens, 
axially,  in  graphite  tube  dilatometers  to  over  5000°  F  or  the  destruction 
point  of  the  material.  The  dilatometers  consisted  of  (1)  graphite  tubes 
into  which  the  specimens  were  placed,  (2)  graphite  rods  which  transmuted 
specimen  motions  to  the  dial  gages,  (3)  short  stainless  steel  tube  and  rod 
extensions,  and  (4)  the  dial  gages.  The  dilatometers  were  self-contained 
units  that  were  placed  in  the  high  temperature  furnaces  with  the 
dilatometers  hung  from  the  top  flanges  of  the  furnaces  and  not  in  contact 
with  the  furnace  inner  parts.  A  typical  dilatometer  assembly  and  the 
dilatometer  parts  are  shown  in  Figure  23. 

Dilatometer  tubes  and  rods  were  machined  from  National  Carbon 
Company's  Grade  CS  graphite  stock.  The  effective  lengths  of  the 
dilatometer  tubes  were  equal  to  the  combined  lengths  of  the  specimens 
and  the  dilatometer  rods.  The  stainless  steel  tube  and  rod  extensions 
were  of  equal  effective  lengths,  eliminating  errors  due  to  the  differences 
in  coefficients  of  expansion.  The  dial  gages  used  in  the  dilatometry 
apparatus  were  graduated  in  0.0001 -inch  divisions  with  a  total  range  of 
0.  200  inch.  The  mechanical  accuracy  of  the  B.  C.  Ames  Company 
Model  212  shockless  dial  gages  is  stated  by  the  manufacturer  to  be 
-  0.0001  inch  for  any  given  reading  at  any  point  in  the  range. 

The  dial  gage  movement  during  any  expansion  run  must  be  corrected 
by  the  movement  of  that  corresponding  length  of  graphite  dilatometer 
tube.  The  true  total  elongation  of  the  specimen  is  then  equal  to  the  sum 
of  the  dial  gage  movement  and  the  calibrated  movement  of  the  graphite 
dilatometer  over  the  specimen  length.  Other  than  in  the  specimen  zone., 
the  expansion  of  all  dilatometer  parts  is  cancelled  by  an  equal  expansion 
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of  a  corresponding  part  of  the  same  material  at  the  same  temperature. 

The  . expans  ion  of  the  tube  reduced  the  indicated  expansion  of  the 
specimen,  making  a  dilatometer  tube  movement  correction  necessary 

Careful  measurement  of  the  graphite  dilatometer  parts  before  and 
a  ter  temperature  exposures  indicated  a  permanent  change  m  length  on  the 
initial  high  temperature  exposure.  No  significant  dimensional  changes 
occurred  on  subsequent  exposures,  so  a  preliminary  heat  soaking  run  was 
standard  procedure  for  new  graphite  dilatometer  parts. 

In  preparing  a  specimen  for  the  thermal  expansion  run  the  ends 
were  ground  to  a  radius  equal  to  the  specimen  length.  This  provided  that 
one  end  of  the  specimen  could  shift  without  causing  any  change  in  dial  gage 
indication.  On  some  of  the  early  runs,  thermocouples  were  placed  m 
three  locations  on  the  specimen  to  determine  temperature  gradients.  On 
several  other  runs,  thermocouples  were  placed  at  the  center  of  the 
specimens  for  temperature  measurements. 


Furnaces  No.  1  and  No.  3  shown  previously  in  Figures  4  and  6  were 
used  for  the  thermal  expansion  measurements.  Most  of  the  specimens 
were  evaluated  in  Furnace  No.  1  which  employs  a  graphite  helix  heating 
element  enclosed  by  a  graphite  tube  and  lamp  black  insulation.  Furnace 
No.  3  has  a  slotted  graphite  tube  heating  element  enclosed  by  a  graphite 
tube  and  lamp  black  insulation. 


The  following  paragraphs  contain  a  discussion  of  the  general 
procedure  for  thermal  expansion  runs. 

The  specimen,  and  usually  the  dilatometer  tube  and  rod.  were 
measured  for  initial  length  before  assembly  of  the  dilatometer  unit  The 
dial  gage  housing  was  anchored  to  the  stainless  steel  extension  tube  and 
the  dial  gage  was  zeroed.  The  unit  was  then  inserted  into  the  furnace  and 
hung  from  the  top.  The  bell  glass  was  attached,  the  furnace  sealed  and 
evacuated  several  times,  and  purged  with  helium  gas.  At  this  point,  the 
power  was  turned  on  and  the  furnace  heat-up  started,  The  furnace  was 
evacuated  several  more  times  while  below  800"'  F  to  remove  boil  off  and 
assure  an  inert  atmosphere. 

Data  points  were  taken  at  approximately  250-500"  F  intervals 
throughout  most  of  the  temperature  range.  At  a  given  power  setting 
at  least  three  times  the  theoretical  soak  time  was  allowed  for  complete 
elimination  of  specimen  temperature  gradients.  As  an  operational  aid 
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to  mdicate  heating  rates  and  furnace  equiJ  i'brium.  a  selenium-cell 
radiat  on  pyrometer  was  used  to  view  the  specimen  during  runs. 

Throughout  all  runs,  careful  attention  was  directed  to  the  indication 
of  inflections  in  the  expansion  of  specimens.  When  slope  changes  w*re 
evident,  readings  were  taken  much  more  regularly  to  insure  true  analysis 
of  specimen  behavior. 


Data  points  were  taken  at  less  frequent  intervals  during  the  cooling 
off  period  on  most  runs.  The  room  tempe  rature  zero  return  was  recorded 
on  all  runs  and  compared  to  the  original  zero  setting. 

At  the  completion  of  all  runs,  the  specimen  length -was  measured 
and  recorded.  On  most  runs,  the  tube  and  rod  were  measured  to 
determine  the  permanent  change  in  length.  The  conditions  of  the  specimens 
following  the  runs  were  very  carefully  observed  and  recorded 


The  thermal  expansion  data  recorded  during  all  specimen  runs 
provided  dial  gage  readings  at  g;ven  absolute  temperatures.  The  treatment 
of  the  raw  data  required  that  the  dial  read;  ngs  (observed  total  elongat  on) 
be  converted  to  observed  unit  elongation  that  the  unit  correction  for  the 

expansion  of  the  graphite  dilatometer  tube  be  applied,  and  that  the 

correction  be  algebraically  added  to  the  observed  unit  elongation  to  obtain 
the  corrected  specimen  unit  elongation. 


Data  and  Results 


Tables  A-19  through  A-31  in  Append  i  x  2  confai  n  the  complete 
thermal  expansion  data  for  the  thirteen  specimens  evaluated  under  tms 
contract.  Data  points  for  each  specimen  are  plotted  on  the  curves  show 
in  Figures  A-18  through  A-30  in  Appendix  1.  For  each  material  hie 
over-all  slopes  of  the  curves  over  a  given  temperature  range  are  noted. 
In  addition,  curve  slopes  at  given  temperatures,  t  500  F  are  included. 


n 


Fi  om  an  inspection  of  the  expansion  curves,  it  can  be  seen  that 
most  of  the  materials  had  a  reasonably  constant  expansion  from  room 
temperature  to  about  3500°  F.  Only  three  materials.  AT-J  graphite, 
tungsten,  and  hatnium  carbide,  maintained  reasonably  constant  expansion 
throughout  the  temperature  range.  Tantalum  boride.,  zirconium  boride, 
cai>bide  maintained  reasonably  constant  expansion  to  the 
4200-4500  F  range.  Above  about  3500°  F,  columbium  carbide  and 
zirconium  nitride  showed  a  marked  increase  in  the  rate  of  expansion. 
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The  two  silicon-containing  materials.,  silicon  nitride  and  zirconium 
silicate,  expanded  at  a  reasonably  constant  rate  from  room  temperature 
to  the  vicinity  of  their  deterioration  temperatures  of  3420°  F  and  3710'  F 
respectively.  Two  materials  broke  prematurely.  Hafnium  nitride 
fractured  at  about  2550  F,  causing  the  apparent  expansion  to  decrease 
quite  rapidly.  Zirconium  carbide  essentially  exploded  on  two  occasions 
once  at  about  2000‘  F,  later  between  about  2500°  F  and  3000'  F,  The  final 
material,  titanium  nitride,  expanded  constantly  to  2975r  F,  suddenly 
began  contracting,  and  continued  to  contract  throughout  the  exposure. 
Measurement  of  the  specimen  of  this  material  after  the  run  indicated 
that  a  permanent  length  reduction  of  about  3%  had  occurred. 

A  discussion  of  the  expansion  behavior  of  each  material,  individually 
points  out  some  interesting  observations.  From  Figure  A-18.  it  can  be 
seen  that  four  runs  are  plotted  for  ATJ  graphite.  The  first  two  runs  to 
3780°  F  and  4950  F  were  almost  identical;  however,  the  two  final 
exposures  indicated  that  the  specimen  expansion  rate  was  changed  by  the 
prior  4950  F  exposure.  Generally,  zero  return  of  the  dial  gage  checked 
closely  with  specimen  length. 

From  Figure  A-19;  it  can  be  seen  that  the  expansion  of  the  arc- 
cast  ^tungsten  specimen  remained  stable  up  to  about  4800  F  From 
4800  F  to  5010°  F,  the  specimen  length  decreased  and  the  specimen 
melted  over  its  entire  length  (see  prior  Figure  14)  Figure  A -20  showing 
the  expansion  curve  for  tantalum  boride,  illustrates  the  fact  that  incipient 
melting  occurred  at  about  4200-4300'  F.  Figure  A-21,  for  z> rcomum 
boride,  shows  that  the  curve  slope  stayed  constant  for  about  an  extra 
500  F  of  the  temperature  range  on  each  succeeding  exposure  up  r0  the 
deterioration  temperature  of  the  material.  From  Figure  A-22.  on 
columbium  carbide,  it  can  be  seen  that  at  about  3500  F,  the  expansion 
increased  to  more  than  twice  the  original  level,  indicating  a  stress  relief 
in  the  material.  Post  inspection  disclosed  several  axial  and 
circumferential  cracks  in  the  specimen. 

Figure  A-23,  on  hafnium  carbide,  requires  a  detailed  discussion. 

The  first  exposure  represents  the  true  expansion  data  to  4810'  F  for  the 
material.  This  curve  shows  that  the  material  had  a  reasonably  constant 
expansion  with  an  indication  of  a  gradual  slope  reduction  above  4000'  F 
The  specimen  also  underwent  a  small  length  reduction  due  to  the 
exposure.  A  comparison  of  the  zero  return  of  the  dial  gage  to  the 
measured  specimen  length  change  checks  very  well.  The  curve  on 
Figure  A-23  representing  the  second  specimen  exposure  provides  an 
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excellent  illustration  of  the  necessity  nf  ,  . 

dilatometer  parts  before  making  Hail  f  h  '  f  kmg  new  «raPhite 
rod  were  used  for  this  particular  ru  rU!)S\,  A  ntW  di,atometer  tube  and 
changes  during  this  initial 

2o“o",pthruParen,t  ernSi0n  °f  ‘he  Specimen-  ’  Between  1W0”  pl'nT 

remains  greater' thereafter' “"uTo  TT  a"d  ‘he  Sl°Pe  °'  the  Curve 
could  be  an  aetual^peo^n  cha^aftertpolr^  ^ 

this  could  not  reasonably  account  for  a  50%  to  9(W  si  however, 

probably  could  not  cause  the  slnne  i  fi  +  •  slope  increase  and  most 

Cause  the  sl°Pe  ^flection  between  1000°  F  and  2000°  F. 

reached  a  maximum  temperature  o^ZM"^ 

m  - 

curve"  af  ghlly  sl«f« 

temperature  Figure  a  25  P  cimen  deterioration 

Of  raPp,d  in^eabeS  f 

second  specimen  was  almost  identical  on‘  £££*£, 

“hi  ProbabTvCTenseVenH,hOU8h  eXpa"S™  not  ind  cate  " 

2800-  na^  ^c::^7tSesSft  r  abo", 

expanded  rather  rapidly  from  2000“  P  to  2500*  F  where  the  mate™," 

expa„sten"urt!Tas7s2L“shedCOnini!hrid:'  “  *  se“  lhaf  a  ->°ote 

the  specimen.  In  the  1000”  P  to  2000”  F  rangeTh"110"  t<‘mperalure  of 
cooled  then  reheated  tn  rhJL,  T  g  '  the  sPecimen  was  heated, 

j  ■  i  eneated  to  check  on  the  repeatability  of  the  temneratnre- 

estabHshed63  ^  r<flatlonship.  The  specimen  did  not  return  along  the 

verified  th  CUrV6’  nUt  UP°n  r6heating  returned  to  ^e  same  point  fad 

7teeespIhcim°eVr,;a„g,hUrVe  Sl°Pe  aS  “  indiCaU"g  * 

tha,  ;  “,ear  rn  chanBE 

beganT  contrTftio"'  ‘“hT  ^  *  tha‘  pol"‘-  ‘^-terLT 

Ftore  A  29  „  "  conhImed  throughout  the  exposure. 

through  mo!;  of  tbTmUm  ’T"'1"6'  Sh°WS  a  rather  erraUc  tension 
ugh  most  of  the  temperature  range.  The  specimen  was  found  broken 
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47tm°Sl mS'JeCll0n'  Breaka«e  probably  occurred  around  4500“  F  to 
4700  F.  From  Figure  A-30,  on  zirconium  silicate  it  can  be  LZ 

~ZT*nt  6XPanSi°n  «*  -™^!ed 

_  j  9JZ°  failures  of  tbe  specimens  during  runs  are  shown  in  Figures  24 

tvniral  h'1"  SUlC°.ri  mtride  and  zirconium  carbide.  The  first  failure  is  a 
typical  disassociation  and  the  second  is  a  catastrophic  fracture. 


CALIBRATION  AND  ERROR  ANALYSIS 
OF  THE  THERMAL  EXPANSION  APPARATUS 

known^uratelv-1'^  noetnry  tha‘  (1)  ,he  specimen  temperature  oe 

Known  accurately,  (2)  no  serious  thermal  gradients  exist  between  the  tube 

p  imen,  arid  rod  at  the  same  position  within  the  length-  (3)  the  tube  and 

ar0rdeldatinv°eiv ^  ^  !!  “  U"k"™"  -  Jr  hat  both 

hetee  t  ?  T  "  °W"  m0tl0n;  <4)  there  be  deleterious  reaction 

etween  the  tube,  rod,  and  specimen  materials;  and  (5)  an  accurate  linear 

motion  device  be  used  to  measure  the  relative  motion  of  the  tube  rod  and 

shoCrenl  f  !  fUrthCr  CheCk  °n  these  Parame ters,  the  dilatometer  ’ 

tteriatVtd  T* ^  ^  published  information  on  standard 

materials,  and  any  failure  of  zero  return  should  match  a  growth  or 

a  run  ahho  T  SpeCimen'  01  cours<!'  lha  spacimen.must  not  shirt  during 
a  run,  although  provisions  can  be  made  in  preparing  the  ends  of  the 

specimen  to  prevent  a  serious  error  by  grinding  the  ends  on  a  radius 
equal  to  the  length  of  the  specimen. 

is  tha|AihnP1Clal  reqUlremenljeraphaS‘Zed  by  the  hiSh  temperature  aspects 
IS  that  the  specimen  size  and  chemistry  must  receive  careful  attention 

Many  refractory  materials  are  very  subject  to  thermal  shock  in  large 

? 'herhf°re;  ,he  Size  musl  be  a  compromise  between  a  minimum 
ngth  to  obtain  large  total  readings  and  a  maximum  length  that  will  not 
induce  premature  specimen  failure.  Also,  the  chemistry  of  the  specimen 
must  not  be  altered  by  the  furnace  environment.  Fresh  helium  introduced 
down  through  the  dilatometer  tubes  greatly  minimizes  this  furnace  vapor 
.  .  mina  lPn*  Finally,  the  heat  aging  of  the  specimen  and  its  thermal 

history  must  be  carefully  noted  and  recorded.  For  example  the 

expansion  coefficient  of  the  ATJ  graphite  shifted  considerably  after 

exposure  at  5000  F.  y 

AU  of  these  requirements  of  good  dilatometry  have  been  considered 
m  this-  system;  and  considering  that  the  exposures  must  be  to  5000'’  F, 
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Figure  25.  Picture  of  Failure  of  Zirconium  Carbide  Specimen  Curing  a  Run 


all  requirements  seem  well  satisfied.  From  a  study  of  the  calibration 

nUnArmcd  the  spec|men  data  obtained,  results  are  repeatable  to  about 
0.  00025  inch  per  inch  at  any  given  finite  temperature  range;  and  rod 
tube,  and  specimen  growth  accountability  is  within  0.0005  inch  per  inch 
over  the  entire  exposure.  The  agreement  with  standards  is  also  good 
so  that  the  accuracy  is  estimated  within  5%. 

o 

Some  of  the  specific  parameters  of  the  calibration  require  more 
detailed  discussion.  Absolute  temperature  measurements  were  made  bv 
thermocouple  up  to  2000°  F  and  then  by  a  calibrated  optical  pyrometer  up 
to  5000  F.  As  an  operational  aid  to  indicate  heating  rates  and  provide  a 
continuous  plot  of  temperature  versus  time,  a  selenium-cell  radiation 
pyrometer  was  also  employed  to  view  the  specimen  during  the  entire  run. 
The  method  of  calibrating  the  optical  pyrometer  and  a  comparison  of 
Chromel-Alumel  and  platinum-rhodium  thermocouples  are  discussed  in 
another  section  and  will  not  be  repeated  here;  however,  it  should  be 
emphasized  that  on  many  of  the  runs,  two  different  types  of  thermocouples 
were  attached  to  the  specimen  to  observe  the  temperature  at  up  to  the 
range  of  the  optical  pyrometer.  The  agreement  between  the  thermo¬ 
couples  and  the  optical  pyrometer  during  the  overlap  range  was  noted 
to  be  well  within  50  F.  Above  3000°  F,  the  individual  calibrated  optical 
readings  are  estimated  to  be  within  20°  F.  The  data  plots  on  the  specimens 
show  little  scatter  and  confirm  this  close  agreement.  For  some  of  the 
runs,  the  thermocouples  were  omitted,  since  the  extremely  high 
temperatures  would  vaporize  the  thermocouple  insulators  and  this  fume 
would  destroy  some  specimens. 

Considerable  effort  was  directed  to  determine  the  temperature 
gradients  that  might  exist  across  the  dilatometer  tubes.  These  were 
concluded  to  be  negligible  or  less  than  a  1%  influence  on  the  expansion 
The  various  temperatures  within  the  tube,  rod,  and  specimen  are  shown 
in  Table  4  up  to  4040  F.  In  columns  3,  4,  and  5,  note  that  the  maximum 
gradient  at  up  to  2100  F  was  34°  F  and  at  up  to  3300°  F  only  100°  F. 
Actually,  it  is  probable  that  this  gradient  at  3300°  F  was  primarily  the 
result  of  a  faulty  thermocouple,  since  the  higher  radiation  heat  transfer 
-tesat  the  higher  temperatures  undoubtedly  reduce  the  gradients.  Even 
a  100  F  gradient  at  this  higher  temperature  range  would  induce  a  motion 
error  of  less  than  0.  0002  inch  per  inch. 

The  close  agreement  between  the  temperatures  of  the  rod,  tube, 
and  specimen  at  a  particular  cross  section  are  also  shown  in  Table  4 
m  columns  1,  2,  3,  4,  5,  and  6.  The  agreement  at  the  midpoint  of  the 
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Study  of  Temperature  Gradients  in  Specimen  Rod  and  Tube 
of  Graphite  Dilatometers  in  Thermal  Expansion  Equipment 
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specimen  at  over  3000°  F  was  so  close  that  no  difference  could  be 

detected  on  the  optical  pyrometer  with  the  hot  wire  spanning  both  the 
specimen  and  the  tube. 

From  columns  7  and  8  in  Table  4,  the  temperatures  at  the  top  of 
the  rod  and  tube  are  seen  to  be  in  close  agreement  so  that  no  spurious 
motions  were  introduced  by  the  axial  gradients.  Probably  the  best 
indication  of  the  absence  of  thermal  gradients  was  obtained  with  the  run 
using  a  graphite  specimen  of  identical  composition  of  the  tube  and  rod  and 

0br^nVnn»griy  °'  °°°4  inch  per  inch  motion  of  the  dial  S^ge  between  500°  F 
and  oUUU  F;  see  Table  5. 

The  next  consideration  is  the  thermal  motions  that  are  induced  in 
the  tube  and  rod  during  an  exposure.  New  tubes  and  rods  did  show  a 
permanent  dimensional  change  in  the  order  of  0.  001  inch  per  inch.  After 
this  initial  exposure,  the  lengths  checked  within  0.0001  inch  per  inch  as 
measured  by  a  micrometer  before  and  after  the  runs.  Most  exceptions 
were  considered  as  human  error  and  reruns  made.  To  determine  the 

repetitive  thermal  expansion  of  the  exposed,  or  aged,  tube  and  rod  the 

system  was  calibrated  against  'A'  nickel,  quartz,  and  slope  data  on 
graphite  published  by  the  National  Carbon  Company.  These  data  are  shown 
m  Figures  26  and  27  and  Tables  6  and  7,  From  Figure  26,  note  that  on 
three  successive  runs  to  2000°  F  on  -A1  nickel,  and  with  no  reset  of  the 
dial  gage,  the  slopes  of  the  motion  versus  temperature  curves  were 
repetitive  and  the  absolute  shift  was  no  more  than  0.  0008  inch  per  inch 
out  of  the  three  excursions  of  0.015  inch  per  inch  each.  Also,  observe 
that  the  data  using  the  Southern  Research  Institute  quartz  dilatometers  and 
the  literature  data  are  in  about  as  close  agreement  with  the  graphite 

laAai°meter  data  as  can  be  exPected.  The  absolute  calibration  data  to 
2100  F  is  then  extended  to  5000°  F,  as  shown  in  Figure  27,  by  using  slope 
measurements  made  by  National  Carbon  Company  to  extend  graphite  data 
to  these  higher  temperatures.  The  subsequent  run  on  the  ATJ  graphite 
specimen  is  also  considered  as  a  calibration  at  the  higher  temperatures,  . 
since  that  motion  versus  temperature  curve  showed  no  inflections  and 
provided  close  agreement  with  literature  data  on  this  fine  grain  graphite. 
Also,  the  zero  return  indicated  complete  accountability  of  all  motions. 

In  these  four  ATJ  runs,  it  is  particularly  striking  that  after  the  5000°  F 
exposure  shifted  the  motion  curve,  a  rerun  on  the  same  specimen  using 
a  different  dilatometer  resulted  in  agreement  with  the  shifted  data  to 
within  0.0005  inch.  The  correction  of  the  specimen  motion  by  the  tube 
motion  as  indicated  in  Figure  27  gains  further  confidence,  since  the 
tube  motion  usually  accounted  for  no  more  than  20%  of  the  total. 
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Table  5 


Expansion  Run  on  Electrode  Graphite  Calibration  Specimen 
m  Graphite  Dilatometer  of  Same  Composition 
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Expansion,  A  L  per  L,,  in  10  3  Inches  per  Inch 


Figure  26.  Thermal  Expansion  of  'A'  Nickel  Calibrator  in  Graphite  Dilatometer. 
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Expansion,  AL  per  L,  in  10  3  Inches  per  Inch 
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Figure  27.  Thermal  Expansion  of  CS  Graphite  Dilatometer  Tubes. 
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Table  6 


Expansion  Run  on  'A'  Nickel  Calibration  Specimen 
in  Quartz  Dilatometer 


Temperature 
Bottom  of 
Specimen 
o  F 

Temperature 
Middle  of 
Specimen 
°F 

Unit  Elongation  in 
10‘3  inches/ inch 

112 

94 

0 

295 

252 

0  9 

367 

360 

1.4 

411 

403 

1.8 

104 

104 

-0.6 

164 

163 

-0.3 

332 

327 

0.9 

414 

409 

1.6 

581 

558 

2.5 

650 

642 

3.2 

741 

- 

4.7 

Note:  1.  Run  made  in  same  order  as  listing  of  data  points. 

2.  Specimen-^"  diameter  by  3"  long. 

3.  Data  not  corrected  for  motion  of  quartz  tubes. 
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Thermal  Expansion  of  'A'  Nickel  Calibrator  in  Graphite  Dilatomete 
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In  only  a  few  runs  were  serious  reactions  noted  between  the  tube 
and  rod  and  the  specimen  ends.  In  these  cases,  the  tube  and  rod 
measured  very  close  to  the  pre-exposure  lengths  so  that  practically  all 
of  the  reaction  was  within  the  specimen.  In  these  instances  the 
specimens  wholly  melted,  softened,  broke,  or  otherwise  deteriorated  so 
that  no  particular  effort  was  made  to  minimize  the  end  reaction.  When 
necessary  to  prevent  reaction,  as  on  an  oxide  prone  to  carbide  at  the 
elevated  temperatures,  tungsten  foil  has  been  placed  between  the  spec, men 
and  tube  and  rod  to  minimize  the  carbon  diffusion.  The  foil  acts  as  a 
diffusion  barrier  and  is  very  effective  in  preserving  the  end  surfaces  of 
both  the  specimen  and  the  tube  and  rod. 

An  Ames  dial  gage  calibrated  to  0.0001  inch  was  used  for  ail 
measurements.  A  differential  transformer  was  considered  but  the  large 
motion  of  the  specimens,  particularly  at  the  deterioration  temperature 
and  the  observed  reliability  of  the  dial  gage  precluded  changing  the 
system. 


The  final  treatment  of  the  data  provides  readout  to  three  significant 
figures  so  additional  error  is  not  introduced.  The  slope  measurements  on 
the  motion  versus  temperature  curves  are  at  least  to  within  0  00025  inch 
per  inch  and  25°  F.  Since  this  slope  measure  is  the  unit  expansion  per 
degree  F,  no  additional  treatment  is  necessary. 

The  probable  error  was  statistically  determined  for  the  motion 
versus  temperature  curves  to  establish  the  maximum  deviation  that  should 
be  expected  for  50%  of  the  observed  data  points  from  the  smooth  curve 
This  deviation  was  more  motion  dependent  than  temperature  depnndent  and 
was  found  to  be  about  4%  at  the  3  x  10'3  inch  per  inch  range  and  less  than 
l/o  at  the  15  x  10  inch  per  inch  range.  The  over-all  probable  errors  for 
ATJ,  TaB,  ZrB,  HfC,  and  SiN  were  2£%.  1%  1%,  2%,  and. 2% 
respectively.  Except  for  temperatures  at  which  the  specimens  were 
deteriorating,  these  data  are  representative. 


THERMAL  CONDUCTIVITY 
Apparatus  and  Procedure 


Thermal  conductivity  measurements  were  made  to  5000"  F  with  a 
radial  heat  flow  apparatus  that  utilized  a  miniaturized  specimen-?  inch 
in  diameter  and  4  inch  long.  A  cross  section  schematic  and  a  picture  of 
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he  conductivity  apparatus  are  shown  in  Figures  28  and  29,  respectively, 
n  addition  to  the  specimen  itself,  the  apparatus  consists  primarily  of 
(1)  a  water  calorimeter  that  passes  through  the  center  of  the  specimen 
)  guards  made  from  the  specimen  material  at  both  ends  of  the  specimen 
to  prevent  axial  heat  losses,  (3)  optical  or  thermocouple  temperature 
measuring  devices  in  the  specimen,  and  (4)  an  external  heat  source  The 
water  calorimeter  provides  a  heat  sink  at  the  center  of  the  specimen  to 
create  a  substantial  heat  flow  through  the  material.  Thermocouples 
mounted  4  inch  apart  in  the  calorimeter  water  stream  measure  the  increase 
in  the  temperature  of  the  water  as  it  passes  through  the  gage  portion  of  the 
specimen.  By  also  metering  the  water  flow  through  the  calorimeter  all 
variables  necessary  for  calculating  heat  flow  are  determined.  The  total 
ra  ial  heat  flow  through  the  inch  specimen  gage  section  into  the 
calorimeter  is  calculated  from  the  standard  relation  of  Q  =  MCAT  In 
this  particular  case,  M  is  the  weight  of  water  flowing  per  hour,  C  is  unity 
or  water,  and  AT  is  the  temperature  rise  of  the  water  as  it  passes 
through  the  gage  section. 

The  specimen  configuration  is  f  inch  long,  }  inch  outside  diameter 
}  inch  inside  diameter,  with-}  inch  deep,  5}  inch  diameter  holes  on  radii  of 
18  inch  and  le  inch  to  permit  temperature  measurement  within  the  specimen. 
Guards  of  specimen  material-!  inch  long  are  placed  above  and  below  the 
f-inch  specimen  to  maintain  a  constant  radial  temperature  gradient  over  a 
sufficient  axial  distance  and  so  minimize  axial  heat  flow.  The  ends  of  the 
specimen  guards  are  insulated  with  lamp  black-filled  graphite  tubes,  which 
also  hold  the  specimen  in  alignment.  The  combined  effect  of  specimen 
guards  and  excellent  lamp  black  insulation  permit  a  minimum  axial 
temperature  gradient  not  detectable  by  optical  pyrometer  readings 
sensitive  to  10  F. 


To  provide  controlled  radial  heat  flow  from  the  \  inch  inside 
diameter  of  the  specimen  to  the  5!  inch  outside  diameter  of  the  water 

the  annulus  was  packed  with  copper,  graphite,  or  lamp 
black  The  filled  annulus  permits  heat  flow  through  the  material  and  also 
provides  a  positive  method  of  centering  the  water  calorimeter  within  the 
specimen.  Generally,  copper  granules  are  preferred  as  the  packing  on 
low  temperature  runs  to  increase  the  heat  flow,  and  graphite  lathe  dust 
is  best  on  high  temperature  runs.  Some  exceptions  were  encountered 
especially  on  materials  with  a  high  conductivity.  To  prevent  swamping 
of  the  calorimeter  by  excessive  heat  flow  in  these  cases,  low 
conductivity  packing  materials  were  used.  Copper  was  replaced  by 
graphite,  and  in  one  instance  graphite  was  replaced  by  lamp  black.  The 
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Figure  28.  Cross  Section  of  Radial  Conductivity  Unit. 
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Sight  Tube 
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Figure  29,  Picture  of  the  Radial  Thermal  Conductivity  Apparatus 
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use  °f  lamp  black  in  the  annulus  between  the  specimen  and  tube  also 
elevated  tem^alufes  °WI"a11  Sy8tem  P°Wer  re<>“ire”e»l  ^  ‘he 

wpro  00  l0w  ^“Perature  runs  (to  2000°  F),  the  specimen  temperatures 
were  measured  with  Chromel-Alumel  or  platinum-platinum  +  10%  rhodium 
thermocouples.  At  high  temperatures,  optical  sight  tubes  were  aligned  to 

furnace6  t h  T  ^  ^  SpeCimen  temP*rature  holes  from  the  top  o/the 
furnace  The  temperature  drop  across  the inch  specimen  distance  was 

device"  611  °PtlCal  Pyr°meter  siShted  through  a  right-angle  mirror 


In  the  prior  Figure  29  showing  a  typical  conductivity  calorimeter 
apparatus  ready  for  insertion  in  a  furnace  for  a  run,  the  specimen  and 
specimen  guards  can  be  seen  at  the  center  of  the  unit.  The  specimen 

famr^black  Sh0U/dered  within  the  SraPhite  extension  tubes  that  contain 
lamp  black  insulation.  A  water-cooled,  stainless-steel  section  can  be 

tubeVio  h6^°P  thG  THiS  S6Cti0n  provides  Permanent  optical  sight 

tubes  to  within  about  2£  inches  of  the  guard  specimen,  in  addition  to  a 

srZ^ubTb ' 1  ‘Sf  right'an^le  mirror  dev^e.  Within  the  short 

graphite  tube  between  the  water-cooled  section  and  the  top  specimen  guard 

ra- The  reraainder  °f  ™ 


For  low  temperature  runs,  thermocouples  were  placed  in  the 
specimen  temperature  holes,  the  leads  were  passed  through  the  lamp 
^  *  lha  suard  specimen,  and  o„,  of  the  w'ater-cSd 

lefds  were  tied  bet,shor‘ sec“™  containing  lamp  black,  the  thermocouple 
„  a,LT  I?.  '  waler  cal°rlhteter  tube  for  low  temperature 

protection.  Attempts  were  made  at  the  low  temperatures  to  install  the 
graphite  sight  tubes  used  on  high  temperature  runs  and  pass  the  thermo- 
uple  leads  out  through  both  the  graphite  and  water-cooled  tubes  Heat 
losses  caused  by  this  procedure  were  excessive  at  low  tempera!™ 

trr  m  u  tUb!S  W6re  removed  and  the  entire  annulus  was  filled 
with  iamp  black.  The  necessity  of  omitting  the  graphite  sight  tubes  at 
low  temperatures  made  separate  low  and  high  temperature  runs 
necessary.  If  the  presence  of  the  tubes  and  the  resulting  openings  had 
been  permissible,  thermocouples  for  low  temperature  data  could  have 

?  ?  °Ut  b6f0re  melting’  makinS  only  run  necessary  to 

ver  the  entire  temperature  range;  however,  the  duplicate  runs  at  the 
overlap  temperature  range  provided  a  good  check  on  that  data. 
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During  thermal  conductivity  runs,  the  following  data  were  recorded: 
(1)  power  input,  (2)  specimen  face  temperature,  (3)  specimen  temperatures 
in  the  gage  section  at  the  jf-inch  and  jf-inch  radii,  (4)  temperature  of  the 
.er  in  the  calorimeter  at  two  points^  inch  apart  axially  within  the 
specimen  center,  and  (5)  flow  rate  of  the  water  through  the  calorimeter. 
Several  readings  (four  to  six)  were  made  at  each  general  temperature  range 
to  establish  data  scatter,  to  eliminate  the  error  due  to  stray  points,  and  to 
determine  the  influence  of  water  flow  rates  through  the  calorimeter  and 
provide  a  method  of  observing  internal  consistency  in  the  data.  Generally, 
a  series  of  readings  was  made  about  every  500°  F  through  the  temperature' 
range. 

All  thermocouple  readings  were  measured  on  a  Leeds  and  Northrup 
K-2  null  balance  potentiometer  used  in  conjunction  with  a  galvanometer  of 
0.43  microvolts  per  mm  deflection  sensitivity.  All  optically  measured 
temperatures  were  read  with  a  Leeds  and  Northrup  Type  8622  optical 
pyrometer.  The  flow  rate  of  the  calorimeter  water  was  measured  with  a 
Fischer  and  Porter  Stabl-Vis  Flowrator. 

The  thermal  conductivity  values  for  the  materials  were  computed 
from  the  basic  heat  flow  equation  K  =  QL/AAT  where  Q  is  the  heat  flow 
in  Btu/hr,  A  is  the  area  through  which  the  heat  is  flowing,  AT  is  the 
temperature  drop,  and  L  is  the  length  between  inner  and  outer  temperature 
measuring  holes.  For  a  cylindrical  specimen,  the  area  is  not  constant 
and  is  usually  taken  as  the  log  mean  area.  For  the  particular  specimen 
configuration,  the  temperature  measuring  holes  wercgf  inch  in  diameter 
and  located  on  jf -  and  jf-inch  radii.  Therefore,  the  area  (0.00272  square 
feet)  would  be  defined  by  these  two  radii  and  the  axial  gage  length 
inch)  determined  by  the  placement  of  the  thermocouples  in  the 
calorimeter.  Since  the  specimen  is  axially  guarded,  the  end  areas  are 
not  involved.  Also,  since  the  temperatures  are  determined  over  a  finite 
area  including  parts  of  each  hole,  the  distortion  of  the  temperature 
gradient  would  be  greater  than  the  deviation  from  linearity  caused  by  the 
changing  area  between  the  temperature  holes.  For  this  reason,  the  area 
was  taken  as  the  arithmetic  mean  rather  than  log  mean,  thus  employing 
the  minimum  sophistication.  The  error  involved  in  this  simplification  is 
2.2%  and  is  less  than  the  observed  data  scatter.  Sample  calculations  for 
the  area  computation  are  given  in  Appendix  3. 

Mean  temperatures  for  the  conductivity  values  were  taken  as  the 
arithmetic  average  of  the  two  thermocouple  readings  at  the  lower 
temperatures.  When  optical  pyrometers  are  used  to  measure  specimen 
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temperatures,  the  observed  temperatures  are  low  because  of  losses 
through  the  viewing  tubes.  This  deviation  of  observed  temperature  varies 
from  about  25  F  at  2000°  F  to  around  200°  F  at  4000°  F.  Since  the 
viewing  tubes  are  identical,  the  temperature  differences  are  not  influenced 
by  these  losses.  However,  the  mean  temperature  would  be  in  error  if  an 
arithmetic  average  were  used.  Consequently,  to  get  a  more  accurate 
mean  temperature  measurement,  the  outer  face  temperature  was  measured 
optically,  and  the  temperature  at  the  center  of  the  gage  section  was 
computed  from  the  observed  temperature  drop  across  the  holes  and  the 
specimen  configuration.  For  this  particular  specimen  size,  the  distance 
between  the  outer  face  of  the  specimen  and  the  center  of  the  gage  section 
between  the  two  temperature  holes  is  equal  to  the  distance  between  the  two 
temperature  holes.  However,  the  average  cylindrical  area  (A)  between  the 
temperature  holes  is  oqly  80%  of  that  between  the  outer  face  and  the 
midpoint  between  the  temperature  holes.  Therefore,  the  temperature  drop 

between  the  °uter  face  and  the  mean  Position  between  the  temperature  holes 
is  8U%  of  the  observed  temperature  difference  between  the  holes.  It  follows 
that  the  mean  temperature  of  the  gage  section  is  equal  to  the  outer  face 
temperature  minus  80%  of  the  observed  AT.  The  furnace  configuration 
insures  essentially  a  black  body  condition  for  the  outer  face  of  the  specimen, 
providing  a  good  reference  temperature  at  that  point  on  the  specimen.  A 
sample  calculation  is  included  in  Appendix  3. 


No  correction  to  the  value  of  the  AT  is  necessary  because  both 
temperature  holes  are  physically  similar  and  the  temperatures  are 
sufficiently  close  so  that  the  deviation  from  absolute  true  value  is  equal 
for  each  and  is  cancelled  out  in  the  subtraction  process  to  obtain  the  AT. 
A  study  of  the  tables  including  the  recorded  data  indicates  that  for 
practically  all  readings  employing  optical  temperatures,  the  temperature 
drop  (AT)  across  the  specimen  was  fairly  high  so  that  small  errors  in 
reading  the  temperatures  would  have  similarly  small  effects  on  the 
calculated  conductivity  value. 

Data  and  Results 


The  thermal  conductivity  values  for  the  materials  evaluated  in 
this  work  are  shown  in  Tables  A-32  through  A-44  in  Appendix  2.  The 
curves  resulting  from  the  plotted  values  are  shown  in  Figures  A-31 
through  A-43  in  Appendix  1. 
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An  extensive  number  of  runs  were  made  on  CS  graphite  and  ATJ 
graphite  for  calibration  purposes.  Also,  to  determine  the  sensitivity  of 
the  apparatus  for  a  wide  range  of  conductivities,  runs  were  made  on 
copper  (very  high  K),  Armco  iron,  316  stainless  steel,  and  silica  (very 
low  K).  The  sensitivity  of  the  apparatus  was  good  for  the  full  range,  and 
agreement  with  the  literature  was  generally  within  10%  to  15%.  A  complete 
discussion  of  the  calibration  of  the  radial  conductivity  apparatus  is 
discussed  in  the  next  section  of  this  report. 

On  specimen  materials  for  which  literature  data  were  available, 
comparisons  of  Southern  Research  Institute  values  were  made.  Good 
agreement  was  found  in  some  cases  such  as  for  ATJ  graphite  and  the 
2500°  F  temperature  range  for  ZrN,  TiN,  and  ZrSi04.  The  absolute 
values  and  curve  characteristics  compare  very  closely  to  several 
literature  references  for  ATJ  and  GBH  graphite.  For  tungsten,  literature 
references  differ  from  Southern  Research  Institute  data  by  about  a  2  to  1 
ratio.  For  example,  at  3000°  F,  literature  data  for  single  crystal  tungsten 
is  about  740  Btu/hr  ft2  °  F/in.  compared  to  a  Southern  Research  Institute 
value  of  about  430  Btu/hr  ft2  °  F/in.  The  large  difference  between  the  two 
sets  of  data  is  quite  possibly  due  to  the  fact  that  the  literature  data  is  for 
single  crystal  tungsten  while  the  Southern  Research  Institute  data  is  for 
arc-cast  polycrystalline  tungsten.  The  large  influence  of  heat  treatment 
is  discussed  later  in  this  section. 

After  studying  Southern  Research  Institute  data  and  several 
literature  references,  it  appears  that  considerable  differences  in  thermo¬ 
physical  properties  of  refractory  materials  can  exist  as  a  result  of 
different  batches  of  the  same  material,  different  forming  methods  for  the 
same  material,  and  different  temperature  exposure  histories  on  the  same 
material. 

A  discussion  of  the  thirteen  thermal  conductivity  curves  and  the 
circumstances  related  to  the  individual  runs  should  provide  a  clearer 
understanding  of  the  data.  On  each  curve,  the  plot  is  extended  beyond 
the  mean  temperature  of  the  data  point  to  the  maximum  hot  face 
temperature  for  that  material  on  a  conductivity  run. 

Figure  A-31  shows  data  points  and  the  resulting  curves  for  ATJ 
graphite.  On  several  runs  below  4000°  F,  the  data  repeated  itself  quite 
well.  However,  runs  on  the  material  after  exposure  to  4000°  F  resulted 
in  a  significant  increase  in  its  thermal  conductivity.  Later  runs  after 
specimen  exposure  to  4800°  F  showed  no  additional  increase  in 
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**'»“»■  contribute  to 

heat  flow.  This  influence  diminishes  on 

were  ^  *»«»<•"•  Several  runs 

data  estabtished  an  upward  inflection  of  the  “raTjL"—!1*'/  The 
softening  point  of  tungsten.  Above  2500°  *  1  the  VlCmity  of  the 
until  at  about  3600°  F  it  had  return  t  Fj  ,  he  conductlvity  decreased 
1500”  F.  From  the  3600" F  ,  !  Va‘"?  ab0U*  ^  the  value  at 

conductivity  increased  realonabfy  ^SSt^3  £' ‘he 

at  4800  F  is  about  as  would  be  expected  if 'he  lite  7"  ^  conductivi|y 
extrapolated.  Perhaps  the  tJL  t  h  literature  data  were 

neuef  and  grain  growth  ^laJfice'T"  3  •*"“ 

specimen  couid  not  be  made  because  it  was  inadvertently^ 

versus  temperature  c'urvei  it/L^Urfd  36  **“  thermai  conductivity 

hafnium  nitride  specimens  were  tecflled  m  h  77““  MS  Pr°gram-  The 

they  drd  not  appear  to  disassociate  or  form  a  cTrbidT'V  r“n’  alpthou6h 
breakage,  the  temnerah,^  D  ..  1  In  a  carbide.  Because  of  the 

conductivity  values' were ' M°  F‘  T"6  thermal 
breakage;  however  thp  P  ,  , .  y  affected  by  the  specimen 

K  from  500°  F  to  1000°  F  the^T  &  lS  ^  by  the  data  shows  a  decrease  in 
temperature  exposure  mCreaSe  throuSho^  the  remainder  of  the 

up  to  the  de  t  e  r  i  o  ra  U  on"  fe  m  per  a  tu  res  ^of  b  T*  GStablished  smooth  curves 
maintained  a  smooth  curv^wUh  no  L^le  nTT"13’  SillC°n  nUride 
had  a  constant  K  increase  up  to  about  3200°  F  h  f  ^  Tltamum  nitride 

trP“ the  C°“ty  “ 

K  increase  up  to  about  2900^^^  witha  general 

The  material  once  again  broke'  rt  k  n  T  decrease  thereafter, 

in  thermal  conductivity  was  a  result  « 

show  thaf  the  therlaTconductivav^f3^^  b0ride  ^  zirconium  b°ride 

temperature  was  r^sed  from  500^  ? as  the 

constant  up  to  the  3200°  F  to  3700°  F  ramw»  nf’  remained  about 

UU  F  range,  then  increased  slightly 
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through  the  remainder  of  the  temperature  range.  Both  materials 
deteriorated  at  a  little  above  4000°  F  face  temperature. 

Figure  A-39  shows  the  curve  for  the  thermal  conductivity  of 
zirconium  silicate.  Throughout  the  temperature  range,  the  conductivity 
decreased  gradually  with  only  slight  curve  inflections.  Around  330(T  F 
vapors  were  emitted  in  the  optical  sight  holes  indicating  specimen 
disassociation. 


Figures  A-40,  A-41.  A-42,  and  A-43  show  the  curves  for  the 
carbides  of  columbium,  hafnium,  tantalum,  and  zirconium.  All  four  of 
these  materials  broke  prematurely  during  the  runs  so  a  process  of 
annealing  the  specimens  by  heat  soaking  them  at  about  4500"  F  for 
15  minutes  was  introduced.  Three  of  the  materials  had  greatly  improved 
thermal  shock  resistance  as  indicated  in  the  picture  in  Figure  16.  The 
other  material,  hafnium  carbide,  broke  prematurely  even  after  being  heat 
soaked.  The  most  notable  fact  discovered  was  that  the  thermal 
conductivities  of  the  materials  were  changed  by  the  heat  soaking  procedure 

The  curve  of  thermal  conductivity  versus  temperature  for 
columbium  carbide  shows  a  decrease  in  K  between  500  F  and  1000"  F, 
then  a  reasonably  smooth  increase  through  the  remainder  of  the 
temperature  range.  The  large  scatter  for  specimens  that  had  not  been  heat 
soaked  (hereinafter  referred  to  as  unsoaked  specimens)  is  probably  the 
resuit  of  fractures  and  fissures  formed  internally.  No  clear  difference 
m  conductivities  is  noted  for  the  heat  soaked  and  unsoaked  specimen. 


The  hafnium  carbide  data  is  rather  difficult  to  analyze.  The  low 
temperature  data  on  an  unsoaked  specimen  established  a  conductivity  in 
the  vicinity  of  100  Btu/hr  ft*  °  F/in.  The  heat  soaked  specimen,  however 
established  the  top  curve  in  Figure  A-41,  which  showed  a  decrease  in 
conductivity  from  about  390  at  500°  F  to  about  290  at  1000"  F.  Between 

!°„°  200o°°  F’  the  conductivity  values  for  the  heat  soaked  specimen 

fell  well  below  200  Btu/hr  ft2  °  F/in.  ;  but  from  2000c  F  to  3800"  F  the 
conductivity  was  again  between  200  and  300,  establishing  the  curve  in 
that  range.  It  is  difficult  to  believe  that  the  heat  soaking  really  shifted 
the  data  so  much;  however,  observe  that  duplicate  runs  were  made  on 
the  unsoaked  specimen  rather  firmly  establishing  that  data. 


The  tantalum  carbide  data  for  the  unsoaked  specimen  established 
a  reasonably  smooth  curve  throughout  the  temperature  range,  The 
heat  soaked  specimen  had  a  conductivity  about  40%  below  the  original 
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values  in  the  2000  F  vicinity.  The  slope  of  the  curve  for  the  heat  soaked 
specimen  was  steeper,  however,  and  approached  the  original  curve  at 
above  4500  F.  This  would  be  expected  since  the  high  temperature 
exposure  during  the  run  on  the  unsoaked  specimen  would  tend  to  produce 
the  same  conditions  within  the  specimen  as  the  separate  heat  soaking. 

The  data  for  zirconium  carbide  indicated  a  high  initial  conductivity, 
a  rapid  decrease  with  temperature  increase  up  to  about  2000°  F,  then  an 
increase  with  temperature  up  to  about  3500°  F  and  then  an  essentially 
constant  K  for  the  remainder  of  the  temperature  range.  At  the  top 
temperatures,  the  thermal  conductivities  of  the  heat  soaked  and  unsoaked 
specimens  tended  to  converge  as  expected.  Again,  the  high  temperature 
exposure  provides  similar  results  to  the  heat  soaking. 

All  of  the  carbide  materials  had  both  radial  and  circumferential 
fissures  perhaps  about  inch  to-£  inch  long.  Undoubtedly,  these 
interfaces  distorted  the  temperature  gradients  and  had  a  real  influence 
on  the  thermal  conductivity.  This  physical  feature  also  probably  caused 
the  greater  data  scatter  found  for  the  carbides. 

In  Part  2  of  this  work,  the  chemical  analysis  of  these  specimens  is 
to  be  made.  At  that  time,  perhaps  an  analysis  can  be  made  of  the 
conductivity  data  relating  inflections  and  values  with  property  changes  of 
the  materials. 


CALIBRATION  AND  ERROR  ANALYSIS 

OF  THE  RADIAL  THERMAL  CONDUCTIVITY  APPARATUS 

The  radial  thermal  conductivity  apparatus  employs  the  direct 
measure  of  heat  flow,  area,  and  temperature  drop  per  unit  length 
parallel  to  the  heat  flow  so  that  the  accuracy  is  as  good  as  the  total  of 
the  separate  measurements.  The  following  variables  require  precise 
determination:  (1)  the  radial  heat  flow  into  the  axial  calorimeter  and 
(2)  the  radial  temperature  drop  over  a  known  finite  increment,  of  the 
radius.  Spurious  detrimental  influences  must  be  eliminated  such  as 
(1)  axial  heat  flow  in  the  specimen,  (2)  distorted  circumferential 
isothermals  in  the  specimen,  and  (3)  faulty  calorimeter  measurements. 

The  specimen  size  must  permit  the  existence  of  large  variables 
such  as  heat  flow  and  temperature  drop  so  that  the  sensing  accuracy  is 
sufficient  to  minimize  excessive  measurement  errors  associated  with  the 
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basic  instrument  sensitivity.  Sometimes  these  requirements  are  in 

radiiu  *  ®Xfmple’  larger  diameter  specimens  would  permit  larger 
radial  lengths  between  the  temperature  measurement  points  but  would 

seriously  reduce  the  rate  of  heat  flow  into  the  calorimeter.  Specimen  size 
is  also  important  in  the  ability  to  maintain  a  sound  specimen.  Large 
refractory  pieces  are  prone  to  heterogeneity  and  thermal  cracking 

,Und€T  radial  temperature  gradients.  The  chemical  and 
metallurgical  make-ups  of  the  specimen  are  also  often  critical  in  that  thev 
must  be  stable  in  the  furnace  environment  and  must  not  change  during  a 
L  h-I  eXa.mple;  the  conduc‘ivities  of  ATJ  graphite  and  zirconium 

thL  m!  Were  f0u"d  to  vary  Wlth  heat  soaking  of  the  specimen.  Considering 
”any  re  ractory  materials  are  simply  small  particles  bonded  at  their 
junction  points  (rather  than  containing  a  continuous  lattice  like  a  metal) 
the  major  mfluence  of  the  thermal  history  of  a  material  on  its  thermal 
conductivity  m  easily  understood.  Also,  the  data  scatter  was  observed 
to  relate  closely  with  the  deterioration  of  the  specimen. 

^he  accijracy  of  the  Southern  Research  Institute  radial  conductivity 
pparatus  is  estimated  to  be  10%  with  a  data  scatter  of  15%  for  materials 

procertjrr  7  a"d  «»»•»*  -  physicaf  and  che“ 

properties  This  accuracy  was  confirmed  with  runs  on  several  "standards" 

The  ATJ  nranh  frmC0  lr0n'  316,  S,ainless  steel-  cs  graphite,  and  copper. 
The  ATJ  graphite  specimen  is  also  considered  as  a  "standard"  since 

considerable  literature  data  are  available  on  this,  and  similar,  fine-grain 

graphites.  The  reliability  is  further  enhanced  by  the  consideration  that 

®“h  material  separate  runs  were  made  with  one  using  thermocouples 

fate,  °PtiCa,1  Pyr°meter  to  measure  the  radial  temperature 

difference.  The  continuous  lineup  of  the  two  curves  demonstrated  a 
regular  internal  consistency. 

A  major  concern  in  this  high  temperature  measurement  that  requires 
an  intimate  knowledge  of  both  the  technique  and  the  materials  is  that  gross 
errors  m  the  conductivity  value  can  be  obtained  with  no  ostentatious 
warning  For  example,  silica  boil  off  (from  specimens  containing  silica 

™  °7n  imparity)  ca"  provide  a  condensing  curtain  in  the  optical 
g  t  ports  and  cause  the  apparent  temperature  in  the  hole  to  be  that  of 
the  curtain  rather  than  that  at  the  bottom  of  the  hole.  Also  the 
calorimeter  can  become  swamped  at  excessively  large  heat  inputs  so 
that  gas  or  steam  bubbles  form  around  the  thermocouple  junctions 
insulating  them  from  the  water  stream  and  giving  uniform  appearing, 
u  actually  erroneous,  temperature  indications.  Difficulties  of  these 
types  can  usually  be  detected  by  a  careful  study  of  the  internal  consistency 
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of  the  data  both  at  a  single  and  over  a  large  temperature  range.  Obtaining 
many  data  points  (six,  usually)  at  a  single  specimen  temperature  while 
varying  only  the  water  flow  rate  through  the  calorimeter  was  a  great 
assist  in  noting  the  internal  consistency  of  the  data  as  well  as  in  supplying 
multiple  points  to  allow  a  statistical  treatment  of  the  data. 


Some  of  the  specific  measurements  require  a  detailed  discussion. 

The  absolute  temperature  of  the  outer  face  of  the  specimen  was  obtained 
using  thermocouples  and  an  optical  pyrometer.  The  calibration  of  the 
sight  ports  is  discussed  in  another  section  of  this  report.  The  radial 
temperature  drop  through  the  specimen  was  measured  by  thermocouples 
at  up  to  2000  F  and  by  optical  pyrometer  at  over  2000°  F.  The  error  in 
the  optical  reading  is  primarily  one  of  human  judgment  and  will  show  a 
scatter  of  about  ±  10°  F.  Above  3000°  F,  the  temperature  drop  through  the 
gage  length  was  usually  about  150  F  or  better  so  that  any  one  reading  could 
contain  an  error  of  14%.  Since  six  readings  were  obtained  at  each 
temperature  point,  the  actual  error  of  the  arithmetic  average  was 
undoubtedly  much  less  than  the  scatter-perhaps  half  of  the  statistical 
probable  error  or  about  4%. 

The  radial  distance  between  the  points  of  temperature  measurement 
was  inherently  small  because  of  the  small  specimen.  The  spacing  was 
i  inch.  The  holes  in  the  center  specimen  were  4-inch  diameter  at  the  top 
and  about  4  inch  at  the  bottom.  Since  these  holes  were  ultras onically 
ground  with  a  precision  machine,  and  since  the  holes  and  sight  tube  were 
aligned  before  the  run,  the  major  error  in  determining  the  gage  length 
was  undoubtedly  in  aligning  the  hot  wire  of  the  pyrometer  with  the  hole. 

See  Figure  30  for  a  picture  of  the  hole  with  the  hot  wire  shifted  slightly 
off  center.  It  seems  reasonable  that  the  hot  wire  was  regularly  aligned 
within  one  quarter  of  the  diameter  of  the  bottom  of  the  hole  or  one  eighth 
of  the  diameter  of  the  top  of  the  hole.  Generally,  the  eye  can  read  to 
within  one  tenth  of  a  one-sixteenth  inch  spacing  between  finely  spaced 
lines.  This  same  accuracy  should  apply  to  placing  the  hot  wire  on  the 
diameter  of  the  hole.  On  this  basis,  any  one  reading  should  be  within 
15%  of  the  actual  gage  length.  Again  assuming  that  the  multiple  readings 
would  result  in  an  error  of  about  half  of  the  probable  error,  a  4%  error  in 
data  could  be  experienced. 

e 

The  water  calorimeters  were  calibrated  by  passing  electric 
current  through  the  outer  metal  tube  and  comparing  the  input  KW  energy 
over  the  gage  section  containing  the  thermocouples  with  the  output  energy 
rate  as  picked  up  by  the  waterj  see  Figures  31,  32,  and  33.  In  all  cases, 
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figure  30.  Picture  of  the  Hot  Wire  of  the  Optical  Pyrometer 
and  the  Sight  Hole  in  the  Specimen. 
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Electrical  Input  Heat  Rate  -  Btu/hr/-^.  inch 
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Figure  32.  Thermal  Conductivity  Calorimeter  Linearity  with  Heat 


Rate. 
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Figure  33.  Thermal  Conductivity  Calorimeter  Linearity  with  Heat  Rate. 
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the  calorimeters  had  a  linear  relation  between  input  and  output.  Generally, 
the  absolute  value  of  the  output  ranged  from  20%  higher  to  20%  lower  than 
the  input.  This  deviation  was  not  considered  important  since  the  main 
requirement  was  to  demonstrate  linearity  and  since  the  actual  electrical 
input  varied  down  the  metal  tube  as  the  wall  thickness  and  electrical 
resistance  varied.  About  a  20%  variation  in  voltage  drop  down  the  tube 
was  noted  at  constant  current  by  direct  measurement  with  a  voltmeter. 

At  a  constant  input  electrical  KW,  the  output  KW  indicated  by  the 
calorimeter  temperature  and  water  flow  rate  measurements  varied  by  an 
average  of  about  10%.  Again  assuming  that  the  actual  error  would  be 
about  half  of  the  probable  error  when  the  arithmetic  mean  of  several 
readings  is  used,  about  3%  error  could  be  expected.  The  water  flow  rate 
and  water  temperature  rise  measurements  were  both  within  1%  at  1500°  F 
specimen  temperature  and  higher  so  the  absolute  measurements  were 
precise.  Generally,  the  water  flow  was  15  to  20  gph  and  the  temperature 
rise  in  the  water  was  about  2  Fat  the  500°  F  specimen  temperature  and 
10  F  or  better  at  over  2000°  F  specimen  temperature. 

Some  calorimeters  were  a  little  more  sensitive  than  others  to  the 
water  flow  rate.  From  Figure  34,  note  that  the  heat  pickup  rate  for 
calorimeter  number  four  was  independent  of  the  water  flow  rate;  whereas, 
the  heat  pickup  rate  for  calorimeter  number  two  fell  off  at  increased 
water  flow  rates.  It  is  suspected  that  as  a  calorimeter  aged  and  an 
insulating  film  formed  on  the  thermocouple  junctions,  the  water  flow 
rate  sensitivity  increased. 

There  are  other  factors  that  could  influence  the  accuracy  of  the 
apparatus  but  which  defy  a  very  rigid  discussion.  It  is  doubtful  if  axial 
heat  flow  was  a  serious  problem.  Performance  was  constant  whether 
a  stainless  or  copper  calorimeter  tube  was  used  and  the  conductivity 
ratio  of  the  two  metals  is  one  to  ten.  The  use  of  graphite  or  copper 
powder  to  fill  the  annulus  between  the  specimen  and  calorimeter  had  no 
error  influence  except  when  copper  permitted  swamping  of  the 
calorimeter.  The  removal  of  the  upper  guard  specimen  did  not  seriously 
influence  the  data.  The  very  low  conductivity  of  the  lamp  black  at  either 
end  of  the  guard  specimens  could  not  permit  much  axial  heat  flow. 

Another  difficult  variable  to  evaluate  is  the  distortion  of  the 
circumferential  isothermals  by  the  holes  drilled  in  the  specimen. 
Observation  of  the  top  of  the  specimen  through  the  optical  sight  ports 
indicated  no  disruption;  however,  this  instrument  could  not  detect  a 
gradient  less  than  10  F.  Post  inspection  of  the  specimens  indicated 
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Figure  34.  Thermal  Conductivity:  Influence  of  Water  Rate  on 
Calorimeter  Performance. 
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color  rings  and  circumferential  melting  and  dissociation  that  inferred 
no  detectable  isothermal  contortion.  It  is  doubtful  if  this  were  a  serious 
parameter.  It  is  important  to  recall  that  even  though  the  specimen 
lameter  was  small,  the  length  to  diameter  ratio  was  2  to  1,  or  more  than 
i  often  used  in  apparatus  of  this  type  using  larger  specimens.  The 
picture  m  Figure  35  shows  isothermal  color  lines  that  were  formed  in  two 

unonTnnl8  T  ^  t0  45°°°  F‘  Mtho"Sh  th*  specimens  broke 

upon  cooling,  observe  that  there  are  no  disruptions  of  the  isothermal 
lines  even  at  the  sight  holes. 

..  T.hlS  aPParatus  was  calibrated  against  several  "standards"  with 
thermal  conductwities  ranging  from  50  Btu/hr/ft*/0  F/in.  for  silica 

24nn  fn  ir°n  and  316  Stainless  steel>  700  to  200  for  graphite, 'and 

fhpV ThC°PPpr;  866  FlgUre  36‘  AJ1  °f  the  °ther  data  agread  well  with 
he  southern  Research  Institute  results.  The  deviation  averaged  about 
lU/o  and  demonstrated  no  trend. 

The  final  data  treatment  involves  the  plotting  of  the  data  and  then 
visual  curve  fitting  to  obtain  conductivity  versus  temperature.  No  error 
is  introduced  by  this  treatment.  Generally,  only  data  was  rejected  that 
T  V inconsistent  or  else  that  was  a  high  and  a  low  out  of 

tuple  readings  and  significantly  influenced  only  the  scatter,  not  the 
arithmetic  mean.  All  data  points  are  plotted  on  the  conductivity  curves 
unless  specifically  noted  as  when  the  scatter  of  separate  runs  would 
overlap  and  confound  a  comparison. 

The  probable  error  was  statistically  determined  for  the  conductivity 
versus  temperature  curves  to  establish  the  maximum  deviation  that  should 
be  expected  for  50%  of  the  observed  data  points  from  the  smooth  curve 
This  deviation  was  more  dependent  on  the  thermal  conductivity  range  than 
on  the  temperature  and  was  found  to  be  about  4%  at  the  50  Btu/hr/ft2/9  F/in 
range  and  2%  at  the  700  range.  The  over-all  probable  errors  for  ATJ 
TaB,  ZrB,  and  SiN  were  about  4£%,  6*%,  3%,  and  2*%,  respectively,  'in 
those  cases  m  which  the  specimen  was  found  to  be,  or  suspected  of 
remaining  thermally  sound,  these  data  are  representative.  When  the 
specimen  suffered  from  fissures,  breaks,  cracks,  composition  change  or 
the  influence  of  the  heat  soaking,  then  these  limits  of  probable  error  do 
no  apply  and  the  data  for  the  material  must  be  evaluated  in  the  light  of 

mn<=rrflrlar  ™\terial  chanSe  or  history.  For  example,  the  fissures  in 
most  of  he  carbide  specimens  undoubtedly  contributed  to  the  increased 
data  scatter  for  these  materials. 
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Figure  35.  Picture  Showing  Isothermal  Coloration  Lines  on  the  Surface 
and  Extending  Through  Conductivity  Specimens 


Thermal  Conductivity  -  Btu/hr/ft2/°  F/in. 
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MISCELLANEOUS  OBSERVATIONS 

So™e  interesting  observations  developed  concerning  the  molybdenum 
and  tungsten  wire  used  inside  the  furnace.  The  ntofybdenum  w”e  lost  Us 
ductility  after  being  heated  above  2500-2600°  F  At  about  3700  37<M°  p  fu 
molybdenum  wire  began  melting  and  fiowing  togeth  r  form  „g  a  ^d  we  Id 

br  th°Ugh  ‘he  )US'  °ut  °f  the  * 

h  ,  ’  .  ld  l‘self  seernecj  to  have  good  strength.  The  tungsten  wire 

aved  in  much  the  same  manner  as  the  molybdenum,  except  that  the 
melting  of  tungsten  did  not  begin  until  above  4000“  F.  Welds  were  made 
between  two  pieces  of  molybdenum,  two  pieces  of  tungsten'  and  between 
tungsten  and  molybdenum.  In  the  Mo-Mo,  W-W,  and  W-Mo  welds  the 

ad  acent  Wlres  were  all  quite  brittle.  It  is  likely  that  the  presence  of 
and^  ^  "f  “ng  points  of  tungsten 

molybdenum,  which  mefts  at  ^3750°  ^^o^^^^ctluses 
nngsten  to  melt  at  about  4070°  F.  Since  the  melting  points  of  molybdenum 
and  tungsten  are  about  4760  F  and  6170°  F,  respectively,  it  appears  that 

i^the1 ’end  iWaS  {°r.ming‘  The  silicon  P^bably  vaporized  from  the  silica 
of  the  n?r|P  fS  mSalator  bricks  as  they  were  originally  made.  A  picture 
we  s  ormed  m  the  heat  capacity  furnace  is  shown  in  Figure  37. 

in  the  e  graphlte  battin6  for  insulating  purposes  was  used  during  one  run 
the  expansion  furnace.  The  batting  was  not  suitable  for  this  high 
temperature  insulation  application  and  was  removed.  The  fiber  dfd  not 
seera  to  maintain  any  strength-and  very  little  soundness  or  integrl- 
after  heating,  permitting  the  batting  to  fall  apart.  8  Y 

aln  ApU;Ce  °f  tan,laIum  sheet  was  placed  in  the  heat  capacity  furnace 
T,ng  WlU!  tungsten/ molybdenum  and  tungsten/rhenium  thermocouples 

Jtmosnh  f  perf°rmed  as  a  Vtter-  ”  beeping  impurities  in  the 
atmosphere  from  contaminating  the  thermocouples.  The  useful  range  of 
the  theimocouples  was  increased  by  several  hundred  degrees. 

milph  ?"ring  the  m^ny  rUns  0n  the  SraPhite  helices  and  the  thin  tubes, 
much  data  were  collected  on  the  electrical  resistance  of  the  graphite 
Contrary  to  many  reports  in  the  literature,  the  resistance  did  not  seem 
to  decrease  appreciably  with  temperature  from  2000°  F  up  to  5000°  F 

The  apparent  current  bypass  around  the  helices  was  eliminated, 
appears  that  the  4000  F  breakdown  did  occur  at  20  volts  per  inch  AC 
and  did  not  occur  at  5  volts  per  inch  AC  or  DC. 
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Figure  37*  Picture  of  Melted.  Tungsten  and  Molybdenum  Piec 
Temperatures  Well  Belov;  the  Crystal  Melting  Ra 


CONCLUSIONS 


The  heat  capacity  was  found  to  vary  considerably  with  temperature 
over  the  full  temperature  range;  however,  very  few  serious  inflections 
were  observed. 


The  thermal  expansion  was  observed  to  be  very  dependent  on  the 
prior  thermal  history  of  the  specimen.  Considerable  nonlinearity  was 
noted  at  temperatures  within  1000°  F  of  the  deterioration  temperatures. 

The  thermal  conductivity  values  were  similar  for  families  of 
materials  but  varied  considerably  over  the  temperature  range.  The  prior 
thermal  history  of  the  material  significantly  altered  this  property. 

The  specimen  materials  did  not  perform  to  temperatures  anticipated 
from  handbook  values.  Much  more  understanding  is  required  on  the 
influence  of  extreme  temperatures  on  the  behavior  of  refractory  materials. 
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APPENDIX  1 


Data  Curves  for  the  Heat  Capacity,  Thermal  Expansion,  and 
Thermal  Conductivity  Specimens  and  Calibrators 


WADD  TR  60-924 


83 


WADD  TR  60-924 


84 


Enthalpy  -  Btu/lb  (32°  F  Reference)  Heat  Content  -  Btu/lb/ 
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Enthalpy  -  Btu/lb  (32°  F  Reference) 
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Figure  A-3.  Enthalpy  and  Heat  Content  for  Hafnium  Nitride. 
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Enthalpy  -  Btu/lb  (32°  F  Reference)  Heat  Content  -  Btu/lb/ 
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Figure  A- 5.  Enthalpy  and  Heat  Content  for  Titanium  Nitride. 
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Enthalpy  -  Btu/lb  (32°  F  Reference)  Heat  Content  -  Btu/lb/ 


'  Figure  A-6.  Enthalpy  and  Heat  Content  for  Zirconium  Nitride. 
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Enthalpy  -  Btu/lb  (32°  F  Reference)  Heat  Content  -  Btu/lb/ 


Figure  A-7.  Enthalpy  and  Heat  Content  for  Tantalum  Boride. 
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Enthalpy  -  Btu/lb  (32°  F  Reference)  Heat  Content  -  Btu/lb/° 
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Enthalpy  -  Btu/lb  (32°  F  Reference)  Heat  Content  -  Btu/lb/ 


Figure  A-10.  Enthalpy  and  Heat  Content  for  Columbium  Carbide. 


WADD  TR  60-924 


93 
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Figure  A-12.  Enthalpy  and  Heat  Content  for  Tantalum  Carbide. 
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Figure  A-14.  Enthalpy  and  Heat  Content  for  Electrolytic  Copper. 
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Enthalpy  -  Btu/lb  (32°  F  Reference)  Heat  Content  -  Btu/lb/ 
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Figure  A-17.  Apparent  Enthalpy  and  Heat  Content  for  CS  Graphite  Basket. 
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xpansion,  A  L  per  L,  in  10~3  Inches  per  Inch 
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Expansion,  AL  per  L.,  in  10“3  Inches  per  Inch 
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Figure  A-19.  Thermal  Expansion  of  Tungsten. 
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Expansion,  AL  per  L,  in  10  3  Inches  per  Inch 


Figure  A-20.  Thermal  Expansion  of  Tantalum  Boride. 
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Expansion,  AL  per  L,  in  10~3  Inches  per  Inch 
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Expansion,  AL  per  L,  in  10-3  Inches  per  Inch 


Figure  A-22.  Thermal  Expansion  of  Columbian  Carbide. 
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Expansion,  AL  per  L,  in  1CT3  Inches  per  Inch 
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Figure  A-23.  Thermal  Expansion  of  Hafnium  Carbide. 
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Figure  A-24.  Thermal  Expansion  of  Tantalum  Carbide. 
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Expansion,  AL.  per  L,  in  10_s  Inches  per  Inch 
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Figure  A-26.  Thermal  Expansion  of  Hafnium  Nitride. 
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Figure  A-27.  Thermal  Expansion  of  Silicon  Nitride. 
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Expansion,  AL  per  L,  in  10'3  Inches  per  Inch 


Figure  A-28.  Thermal  Expansion  of  Titanium  Nitride. 
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Figure  A-29.  Thermal  Expansion  of  Zirconium  Nitride. 
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Expansion,  ALper  L,  in  10~3  inches  per  Inch 
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Thermal  Conductivity  -  Btu/hr/ft*/*  F/in.  Thermal  Conductivity  -  Btu/hr/ftV"  P/in 


WADD  TR  60-924 


114 
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Figure  A-33.  Thermal  Conductivity  of  Hafnium  Nitride. 


L  _ 

Figure  A-34.  Thermal  Conductivity  of  Silicon  Nitride. 
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Thermal  Conductivity  -  Btu/hr/ft1/*  F/ln. 


lMgure  A  36-  dermal  Conductivity  of  Zirconium  Nitride. 
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Figure  A-37.  Thermal  Conductivity  of  -Tantalum  Boride. 
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Figure  A-39.  Thermal  Conductivity  of  Zirconium  Silicate. 
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Figure  A-40.  Thermal  Conductivity  of  Columbium  Carbide. 
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Figure  A-41.  Thermal  Conductivity  of  Hafnium  Carbide. 
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Thermal  Conductivity  -  Btu/hr/ft2/°  F/in. 


I _ _ _ 

FlgJre  A~*3-  Thermal  Conductivity  of  Zirconium  Carbide. 
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APPENDIX  2 

Daca  Tables  for  the  Heat  Capacity,  Thermal  Expansion,  and 
Thermal  Conductivity  Specimens  and  Calibrators 
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Table  A- 17 


Enthalpy  Data  for  CS  Graphite  Basket 
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Table  A-19  (Continued) 
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Initial  Specimen  Length  =  2.9909"  Initial  Specimen  Length  =  2.9970 

Final  Specimen  Length  =  2.  9953"  Final  Specimen  Length  =  2.9970" 
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WADD  TR  60-924 


144 


4.  8 


N 


WADD  TR  60-924 


145 


Initial  Specimen  Length  =  2.  6660" 

Final  Specimen  Length  =  Specimen  Melted 


Thermal  Expansion  of  Tantalum  Boride 


■d 

ai  3 


O  C  "5  <u 

®  g 


c  2 

O  2  •' 
tt)  Ww 
O.  i 

to  o 


c  u 

2  o 

d  c 

?! 

2  O 

« g 

h 

c  0 

3  o 


c 

2  ^ 
■*->  o 
o  c 


.  to 

*  fll 

2  JS 
0)  2 
S  -F 

On 

^  1 
d  o 


NOdNNNOONdfifoegNnHdNv©  uo  co  c 

o  n  n  n  «  o  t-  oo  »  ®  oi  ci  h  h  w  »  «  a  n  n  ei  h  h  h  , 

rtHHHHH  HHHH  HHp 


I  I  I  I  I 


(•OHifi«Nin(-H^fHoioNnMt»Hn®(ot»t> 


xi 

o 

c.5 

o 

-  ? 
d  2 

c  « 

2  - 

H  n 


lfloc^t-'^0ioo5'-ii«0weoe-ooeo»ncot-pa  noa 
OHNC9CO^U3U)lAcDCOC<*t>at>*tBOOt*^tta(0tOCO(0tDU3 

rl  H  H  H  H  rl  H  > 

I  I  I  I  I  I  I 


C  w 
0  4> 
XI 

M  0 

H.  C 
0 

o  7 


isNt-(oooNnin(oinoroo)nNooNO)u50t"tN 

o  Tf  to  os  h  coirs  t-oo  o'  On  n  cs  in  en*  in'  in  ei  cm  «-i  o  o'  o’ 
HHHHHHNNNNNNNM'inifllBlflinifilfl 

l  I  i  l  l  l  l  I 


2  fc 

3.0 


o  o  o  o 
t-  O  eo  c- 

h  n  Tt 


m  o  o  o  o  o  o 
cm  in  cm  th  o  ^  in 
t*onint-oiH 

rH  CM  CM  CM  CM  CM  CO 


OOOOOOOOO 

mooincMcocMCMO 

COCOt-COCMCOCMCOlO 

eoeneoeoTjiTji^eoeo 


O  O 
*H  O 

c-  o> 

co  co 


o  o  m 

tH  ■o*  c- 
0  0)91 

co  co  co 


WADD  TR  60-924 


146 


Table  A -22 
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Table  A-22  (Continued) 

Thermal  Expansion  of  Zirconium  Boride 
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Thermal  Expansion  of  Columbium  Carbide 
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Run  SRI  -  Elfl 

Initial  Specimen  Length  =  2. 9505 
Final  Specimen  Length  =  2.9874" 
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Table  A -24  (Continued) 

Thermal  Expansion  of  Hafnium  Carbide 
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Thermal  Expansion  of  Hafnium  Carbide 
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Thermal  Expansion 
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Run  SRI  -  El  7 

.Initial  Specimen  Length  =  3.0040 
Final  Specimen  Length  =  3.0179" 
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Table  A-26  (Continued) 

Thermal  Expansion  of  Zirconium  Carbide 
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Specimen  broken  on  post  inspection 

4750  Specimen  Deterioration  _ 

Run  SRI  -  E29 

Initial  Specimen  Length  =  3.0015" 

Final  Specimen  Length  =  2.9400"  (Broken) 


Thermal  Expansion  of  Silicon  Nitride 
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Initial  Specimen  Length  =  2.9420" 
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Thermal  Conductivity  of  Silicon  Nitride 


G> 

The  rmal 
Conductivity 
of  Test  Section 
Btu/hr/ft2/"  F/in. 

W.  T|',inC|®®ON°°^cgnN®H^® 
tC  (O  O  H  <4<  ifl  N  o'  n  U  H  J  (O  «  W  a>  n 

irs  ^  in  <d  in  •«*  m  to  in  eo  eo  ^  w  eo 

Mean 

Temperature 
of  Test  Section 
°  F 

58221S2u,>'0in®0we^oo®'^c-eoOiHm 

vCOtO(DO)O)O)Q0O)A^^^xH(OCO(Dtf)(P 

HHHHHHHHH 

Heat  Removed 
by-J"  Calorimeter 
Section 
Btu/hr 

S2!22£?!2c~cq,-,00<»®',fi>c-^rHU5a) 

HHHHHHHWNPJMWNONN 

AT  Across 
■g"  Test 
Section 
°  F 

LOMt"He(DMflcOBU3®n<OOVNfll« 

t->fOO^^fNNNO)SfflOoSwH®S 

HHHHHHNNNNnnnNN 

Specimen 
Outer  Face 
Temperature 
°  F 

1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  , 

SRI  Run 
Number 

C53 

WADD  TR  60-924 


k  175 


Table  A-35  (Continued) 

Thermal  Conductivity  of  Silicon  Nitride 
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Table  A-36 

Thermal  Conductivity  of  Titanium  Nitride 
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Thermal  Conductivity  of  Titanium  Nitride 
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4700  Specimen  Deterioration 


Thermal  Conductivity  of  Zirconium  Nitride 
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onductivity  of  Zirconium  Nitride 
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4810  Specimen  Deterioration 


Thermal  Conductivity  of  Tantalum  Boride 
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4610  Specimen  Deterioration 
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Thermal  Conductivity  of  Zirconium  Silicate 
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Specimen  Deterioration 
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Table  A-41  (Continued) 

Thermal  Conductivity  of  Columbium  Carbide 
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4740  Specimen  Deteriorati 
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Thermal  Conductivity  of  Tantalum  Carbide 
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4660  Specimen  Deterioration 
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Thermal  Conductivity  of  Zirconium  Carbide 
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Table  A-44  (Continued) 

Thermal  Conductivity  of  Zirconium  Carbide 
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APPENDIX  3 


Sample  Calculation  for  the  Determination 
of  the  Thermal  Conductivity 


WADD  TR  60-924 


199 


Sample  Calculation  for  the  Determination  of  the  Thermal  Conductivity 


Data  recorded  during  run: 

H20  Flow  =15,0  gph 

HjjO  AT  =  1 . 6“  F 

Specimen  AT  =  70  F  (measured  by  optical  pyrometer) 

Specimen  Outer  Face  Temperature  =  2500°  F  (measured  by  optical 

pyrometer) 


Area  Computation 


A  =  — (ra  *  ri). 
2 


1 

144 


where  r2  and  Tj  are  the  jf-inch  and  jf-inch  radii  on  which  the  temperature 
measuring  holes  are  located  and  1  is  the inch  axial  gage  length 
determined  by  the  placement  of  the  thermocouples  in  the  calorimeter. 

A  =  (if  +  ia)  0. 250 
2  144 

A  =  2jt  x  0.250  x  0. 250 
144 

A  =  0.00272  square  feet 

Substituting  in  the  basic  heat  transfer  equation  Q  =  M  c  AT  where  (1)  Q 
is  heat  flow,  Btu/hr,  (2)  M  is  weight  of  water  flowing,  lb/hr,  (3)  c  is 
specific  heat  of  water,  1  Btu/lb-°  F,  and  (4)  AT  is  temperature  difference 
between  the  water  calorimeter  thermocouples,  0  F. 

Q=  Mc  AT-lLEElxMl!LxLBtu  xl.6°F 
hr  gal  lb-“  F 

Q  =  200  Btu/hr 
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Next,  using  the  heat  transfer  relation 


K  = 


QL 
"  AAT 


where  (1)  K  is  the  thermal  conductivity,  Btu/hr-ft2-0  F/in. ,  (2)  Q  is  the 
heat  flow  Btu/hr,  (3)  L  is  the  radial  distance  between  the  two  temperature 
holes  in  the  specimen,  i  inch,  (4)  A  is  the  arithmetic  average  cylindrical 
area  0. 00272  square  feet,  and  (5)  AT  is  the  temperature  drop  across  the 
8-inch  radial  difference  between  the  two  temperature  holes,  0  F. 


K 


QL  200  Btu  x  0. 125  in. 
AAT  " 


hr  x  0.00272  ft"  x  70°  F 


K  =  131  Btu/hr-ft2-0  F/in. 

Finally,  to  compute  the  mean  temperature,  the  derived  special  calculation 
is  used. 


Mean  Temperature  =  Outer  Face  Temperature  -  0.80  (specimen  AT) 
Mean  Temperature  =  2500°  F  -  0.  80  (70°  F) 

Mean  Temperature  =  2500  -  56  =  2444°  F 
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